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SUMMARY
The geology of chalk and conditions of special engineering
significance which characterise chalk areas are described and
discussed. Methods of investigating, sampling and testing chalk,
both in the field and laboratory, are considered at length; the
importance of in-situ observation and examination is emphasised.
Following a short historical review of existing published
information, the results of an extremely wide ranging collection
of laboratory tests are presented and discussed. Simple index
and classification tests are used to illustrate why chalk can be
such a sensitive engineering material, but the deformation and
strength properties of chalk in terms of total and effective
stresses, receive most attention.
It is apparent that for chalk, the value of laboratory
testing is strictly limited, and great importance is attached to
establishing the mass properties of chalk. This is best accom-
plished by field testing, the scale of which must be commensurate
with the dimensions of the fabric of the rock mass. Plate bearing
tests are shown to provide the most reliable means of determining
the strength and deformation properties of chalk but, properly
executed the simple dynamic standard penetration test can be used
for correlation purposes.
Analysis of spread foundation design and performance
indicates that bearing pressures between 4 and 6 tons/ft2 for
Grades IV and II chalk, increasing to a maximum of 20 tons/ft2 for
massive Grade I chalk, can be applied and that settlement can be
predicted reliably from plate bearing tests. For completely
weathered or recompacted chalks it is shown that bearing pressures
of 1 to 2 tons/ft2 can be applied and the settlement can be
predicted from conventional laboratory oedometer tests.
(ii)
The carrying capacity of piles is shown to be derived almost
entirely from shaft adhesion, the magnitude of which reduces with
penetrations into chalk exceeding 10 to 15 pile diameters. Under-
reaming appears ineffective. Pile length or depth of penetration
into chalk does not appear to significantly influence settlement
which is generally very small and can be predicted reliably from
plate bearing tests. Driven steel piles appear to be the least
efficient pile in chalk.
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1. INTRODUCTION
I1. I~TRODUCTION
In Britain the name chalk has become virtually synonymous with
the Chalk formation to be seen in the famous White Cliffs of Dover,
the North and South Downs, the Chiltern Hills, Salisbury Plain and
the Lincolnshire Wolds. Historically, most of the chalk areas
mentioned have tended to be essentially agricultural in
association.
A series of chalk ridges radiate from the Salisbury Plain area
and for centuries these well drained slopes have provided ready
made lines of communication and a good location and foundation for
settlements and forts. The chalk itself has long been used in the
manufacture of mortar and cement, whilst the flints found in the
chalk have been fashioned into tools and weapons and also used as
building stone. Probably the most important by-product of the
Chalk formation is its water. Sandwiched between the relatively
impermeable underlying Gault Clay and the overlying Tertiary Clays
it forms a huge natural reservoir from which water has been
obtained throughout the ages. Indeed, it has been over-exploited
and schemes to prevent contamination and to utilize its water
storage potential more fully by artificial recharge are currently
being investigated by means of field trials.
As a result of the radiating development of railway services,
centxed on London, railway engineers were obliged to take tracks
through or over the chalk cuestas which enclose the south-east of
England. It therefore became necessary for them to give some
consideration to the engineering behaviour of chalk, although it
is probably fair to say that their approach has been essentially
empirical.
At the present time, with the rapid expansion of southern
England conurbations, the hitherto largely agricultural association
of the chalklands is being increasingly supplanted in the face of
economic and social necessity. Thus, new industrial estates,
administrative centres, institutions, homes and related services
2have spread on to the chalk hinterland. Alternatively, long
established centres are being rebuilt, sprawling low elevation
buildings being superseded by larger multi-storey developments.
Good communications are essential to a modern economy and an
extensive road building programme is already planned or underway
in some areas and has been completed in others. The London-
Oxford Motorway (M40), the Berkshire and Wiltshire sections of
the London-South Wales Motorway (M4), the Hampshire section of
the London-Portsmouth Motorway (M3) are but a few examples of
schemes recently completed.
At this point, it should be noted that chalk is not the sole
prerogative of the British Isles. It is widespread in northern
Europe, especially France, Germany and Denmark, in North Africa
and also in the United States of America. The proposed Channel
Tunnel linking England and France will be driven through chalk.
From the foregoing remarks, it will be apparent that a good
deal of civil engineering and building work has already been
undertaken in areas where chalk constitutes the bed rock. In spite
of this, there is still relatively little published data on
performance available. This is all the more surprising, bearing
in mind the enigmatic nature of chalk and the many problems which
have arisen in connection with its use as both a foundation and
constructional material. Aware of this situation, the
Institution of Civil Engineers in London sponsored a symposium on
"chalk" in 1965. Unfortunately, relatively little new useful
information was produced, although the large number of delegates
who attended demonstrated both the widespread interest and the
growing concern about the subject. Subsequently, a number of
papers dealing with chalk were presented in the Symposium on
In-Situ Investigations in Soils and Rocks, BGS (1969) and these
too attracted considerable discussion. In the past few years there
has been an occasional paper dealing with some specialist topic
relating to chalk but there has been no definitive work.
3
There is clearly a great need for a detailed systematic study
of the engineering properties and behaviour of chalk and in
preparing this thesis the author has had five main objects in mind:
(i) to present a coherent summary of modern thinking
on the geological aspects relevant to the
engineering behaviour of chalk;
(ii) to collect and summarise the available engineering
data and present a great deal of new unpublished
material;
(iii) to point out some of the specific difficulties
associated with chalk in engineering and, where
possible, to formulate proposals to deal with
these problems.
(iv) to provide a rational basis for the design of
foundations and engineering structures in chalk and,
finally,
(v) to draw attention to avenues for future research
and enquiry.
At this stage, it is only right to point out that most of
the data being presented has been obtained from studies carried
out in connection with specific engineering projects. For the
most part, the work was often of an essentially routine nature,
unavoidably employing standard British boring, drilling, sampling
and testing techniques. However, the pattern and emphasis has
tended to change over the years with increasing experience and
the greater awareness of the real problems associated with chalk.
Nevertheless, it has been possible to carry out some additional
work, beyond the strict requirements of the project in hand, which
has contributed considerably to the overall picture. Further,
personal experience gained from a great many investigations
involving chalk subsoils, many site and foundation inspections,
as well as discussions and conversations with numerous engineers,
have all provided an invaluable background to the present
treatment of this subject.
2. GEOLOGY OF CHALK
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2. GEOLOGY OF CHALK
2.1. General Introduction
Chalks occur in many parts of the world, within the Mesozoic,
Tertiary and Quaternary Systems, but there are no records of any
in the Palaeozoic Systems. As far as can be judged, all chalks
are basically similar in nature although, outside Western Europe,
they are often significantly altered by various secondary processes ~
cementation and tectonic agencies. Further, they seldom seem to
compare in purity, thickness or extent with the Upper Cretaceous
Chalk of Western Europe with which the few available references
deal almost exclusively. The majority of these references are
concerned with the British Chalk and the new data to be presented
has also been obtained from British sources; it is, therefore,
proposed to confine detailed consideration to these chalks.
2.2. Distribution and Geomorphology
A measure of the potential importance of chalk in
engineering can be obtained from Fig. 2.1 which shows the
enormous extent of original Chalk deposition over Europe during
the Cretaceous period.
The distribution of the Chalk in the British Isles, as it
occurs at the present time, is shown in Fig. 2.2. It forms a
belt some 340 miles long extending from the East Riding of
Yorkshire, across East Anglia, the Chilterns, Salisbury Plain
and thence to the Devon coast. In the Thames and Hampshire
Basins the Chalk is overlain by Tertiary formations, whilst in
the Wealden district it has been eroded to expose lower and pre-
Cretaceous rocks in the core of the Weald anticline. Higginbottom
(1965) has estimated that the Chalk outcrops or sub-outcrops over
almost 15% of the surface of England and is probably only second
in importance to the Keuper Marl which, oddly, is similar to Chalk
in a number of engineering respects.
In the south of England, which escaped direct glaciation,
chalk frequently forms well drained downland, attaining a maximum
5elevation of 1000 ft in south Berkshire. Prominent
geomorphological features are formed by the steep scarp slopes
which ring the Weald and overlook the Gault Clay vales on the north-
west flank of the Chilterns. The gently inclined dip slopes
backing these scarps, together with the extensive chalk plateau
areas, such as on Salisbury Plain, form the basis of the chalk
downlands.
In and to the north and east of Hertfordshire, the chalk has
been increasingly affected by the Pleistocene glaciation and a
mantle of glacial deposits, especially chalky boulder clays, is
widespread. Much of the clay matrix of the boulder clays is
derived from the Jurassic and Tertiary clay formations, especially
the Lias, Kimmeridge, Oxford and London Clays, as well as the
Cretaceous Gault Clay. All are heavy clays and consequently, the
terrain tends to be relatively flat and poorly drained. Such
conditions are particularly prevalent in the northern part of
Essex and in East Anglia where the elevation is typically less than
250 ft and some 75% of the chalklands have a mantle of glacial
material. North of the Wash, in the Lincolnshire and Yorkshire
Wolds, the chalk once again gives rise to high ground reaching an
elevation of about 800 ft in Yorkshire. In this area, 60-70% of
the chalk outcrop is covered by superficial deposits.
A special geomorphological feature of the southern chalk are
the numerous "dry valleys" - attributable to the periglacial
environment which affected this region. Some consequences of this
environment on the chalk will be discussed presently.
2.3. Stratigraphy
Following continental practice, the Gault and Upper Greensand
formation, although transgressive in England, are placed in the
Albian Stage. The junction between the Albian and Cenomanian
therefore constitutes the base of the Upper Cretaceous Series,
which thus becomes synonymous with the Chalk.
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Table 2.1 shows a widely recognised zonation of the Upper
Cretaceous. This classification is based on macrofossils but
detailed zonation in connection with the Channel Tunnel Project
using foraminifera and coccoliths should result in a finer and more
accurate subdivision of the Chalk, with widespread applicability.
The Upper Chalk is characterised by a high degree of uniformit~
being typically white in colour, very pure in composition (about
9B% calcium carbonate), relatively soft and fine grained. Flints
are present and may be nodular or tabular in habit and may occur
isolated or in discontinuous bands of wide lat eral extent. The
base of the Upper Chalk is marked by a nodular chalk band
designated the Chalk Rock.
The Middle Chalk is essentially similar although flints are
typically less abundant than in the Upper Chalk and they also
tend to decrease in frequency from the north towards the south of
England. With increasing depth, the chalk becomes less uniform
and hard gritty and rubbly bands occur. A widespread rubble band,
the Melbourne Rock, marks the base of the Middle Chalk over
Central England.
Finally, in the Lower Chalk, clay minerals are abundant
sometimes constituting over BO% of the deposits. The resultant
grey coloured calcareous clays give rise to true marls, clearly
differing in appearance, character and properties from the
overlying chalks. Analyses of eleven samples of chalk marl by
Ward et al (196B) showed calcite to average 70% by dry weight
(range 50%-BO%), the balance comprising quartz, montmorillonite
and illite. The quartz and illite did not exceed 6% by weight,
the montmorillonite ranging from 10%-30% but averaging 17%. It
was interesting to note that Ward found that the montmorillonite
occurred in bands where calcite was still the dominant mineral,
interspersed with bands consisting of about 97% calcite. Work
since carried out by the writer, for the Channel Tunnel project,
has shown the Lower Chalk to be cyclically bedded with systematic
7
variations in composition and properties. Towards the west of
England, sandy beds mark the base of the Lower Chalk, the
thickness of which increases westwards. The sands are usually
calcareous.
Both in the sands and the marls, the mineral glauconite occurs
This diagnostically marine mineral gives the beds a
characteristically greenish hue. Originally the green colouration
was attributed to the mineral chlorite and the green marls of
southern England were erroneously designated Chloritic Marl; the
name has never been changed and still features in the literature.
Where the Chalk sequence is capped by Tertiary deposits, it
is seldom less than 1000 ft in thickness. In this connection, it
is of interest to note that the highest zone found in Britain
(Ostrea lunata) is the lowest found in Denmark where an additional
sequence of several hundred feet occurs. Further, as far east as
southern Russia, the Upper Cretaceous, may attain 600 metres in
thickness, Gignoux (1950).
The above descriptions deal primarily with the Chalk of
England. However, Upper Cretaceous deposits are also to be found
in Northern Ireland, on the Island of Mull and the adjacent
Morvern peninsula~ to the west of Scotland. Two distinct horizons
can be recognised; a lower one of glauconitic sand and an upper one
of hard chalk containing glauconite at the base. There is
evidence that there was a long break in deposition between the two
horizons. It will be noted that the sequence in Ireland and
Scotland is similar to that which occurs in Devon. The importance
of this observation lies in the fact that all three represent
shore line facies and thus set a western boundary to the Upper
Cretaceous sea. They also provide evidence as to the type of
environment prevailing on the adjacent continental areas, to which
reference will be made later.
A summary of the main lithological features of the Upper
Cretaceous formations at selected locations within the British Isles
is giv~n in Table 2.2.
2.4. Microscopic Structure
For many years, chalk was regarded as the equivalent of a
modern marine precipitated calcareous mud or ooze. By some it
was likened to the shallow marine aragonite muds of the Bahamas
and by others to the deep sea calcitic oozes. However, for the
wrong reasons, Lyell (1865) postulated in that year a wholly
animal origin for chalk, likening Cretaceous chalk with modern
clastic accumulations of coral, bryozoan and sponge material. It
was many years later that Maurice Black (1953) finally revealed
the true nature of the constituents of chalk with the aid of the
electron microscope and confirmed the true animal origin of the
material.
Black showed that "ordinary chalk" is made up of a mixture
of two "powders", a coarse one comprising molluscan debris and
foraminifera and a finer one, comprising coccoliths and their
disintegration products. By means of mechanical analyses he
showed the size distribution of component particles to be complex
but, although the grading profile varied from horizon to horizon,
the curves appeared to conform to clearly defined limits. Thus,
for typical soft chalks, the diameter of the coarser fraction
ranged from 100 to 10 microns* and the finer fraction from 4 to
0.5 microns, most chalks being deficient in particles around
8 microns in size. Although the variations in grain distribution
were great, they were always within the above limits and there was
seldom any overlap.
In most chalks the fine fraction comprised between 70% and
90% of the whole, the coarse fraction providing the balance. It
should be appreciated that the fine fraction, with dimensions
between 0.5 and 4 microns, corresponds to clay and fine silt in
the standard grain size classification, a condition which is
emphasised in Figure 2.3. This is of importance because
* Note 100 microns (1001) = 0.1 mm
9intuitively, the fine fraction would be expected to playa
dominant role in the behaviour of chalk, even if it did not
constitute the major constituent. The coccoliths, from which the
fine fraction is derived, are the internal skeletons of planktonic
algae which in life aggregate to form spherical bodies called
"coccospheres"; these are probabl y the enigma tic "chalk spheres"
referred to in the literature. The coccoliths themselves are
also composite in structure, formed by the articulation of several
units, each of which is a single calcite crystal; the individual
crystals appear to represent the finest material normally present.
Unfortunately, Black's paper included no illustrations or graphs,
no details of numbers or locations of samples, or information on
the test procedures adopted.
Illustrations of coccoliths have been obtained from
alternative sources, namely Stradner (1967) and Nicholson and
Lydekker (1889). FlOm the former reference, a range of Upper
Cretaceous forms have been selected and from the latter, some
modern forms all of which are shown in Figure 2.4.
At an informal meeting in March 1967 held at the Geological,
Society of London, Dr. J. M. Hancock demonstrated a number of photo-
graphs that had been taken shortly before with a scanning electron
microscope* operating at magnifications ranging from 1,600 to
44,000. The instrument has a great depth of focus so that the
surface of a rock specimen can be examined without polishing.
Further, areas of more than a square centimetre can be encompassed
so that excessive fragmentation of the rock is unnecessary.
Although the photographs could be studied only very briefly, a
number of observations were made:
* At the time, this instrument had only just become available to
the general researcher and Dr. Hancock's efforts were essentially'
trials to investigate the potential of the device in the study
of soft fine grained sedimentary rock fabric.
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1. The particle sizes were generally of the order
reported by Black and a large number of whole or
only partly broken coccoliths were evident.
2. A general reduction in grain size and closer
packing appear to be associated with the chalks
from northern England compared with samples
obtained from the south.
3. There was a progressive increase in drusy-type
deposition in samples from more northerly locations;
this suggests that secondary deposition is, or has
been, more active towards the north.
4. The primary calcite crystals had a frosted or etched
surface texture contrasting with the smooth glassy
texture of the secondary calcite.
5. Hancock claimed a degree of parallelism in the
orientation of the individual crystals, but the
samples were not specifically orientated with
respect to bedding, etc. and the validity of the
claim could reasonably be questioned on the evidence
provided.
The demonstration showed the scanning electron microscope
to be a potentially powerful tool in the study of rock fabric.
However, only a few samples had been photographed, which mayor
may not have been representative of the formations from which
they were obtained and any conclusions must inevitably be
tentative. Subject to this limitation the following points are
made:
(a) The heavy overburden loads associated with
glaciation of the north of England may explain
the apparent finer grain and denser packing of
the northern chalks.
(b) The drusy deposition suggests that secondary
calcite could also be present as a cement,
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increasingly so in the northern chalks. This
view was not substantiated by ~he photographs,
where the particle contacts were not well exposed
but, low angled studies might be more revealing
on this matter.
(c) The difference in surface texture between the
primary and secondary calcite may be helpful in
identifying calcite cement. Further, if the
frosted surface of the coccolith crystals is the
result of abrasion, and not a natural feature of
the skeletal remains, then deposition within the
reach of wave and current action might be inferred.
2.5. Macroscopic Structure
The white chalks vary from a soft friable material, easily
disaggregated with the fingers, to a hard porcellaneous chalk
broken only with a heavy hammer. The texture can vary from that
of fine powder to coarse sugar. Rock of similar texture may
extend for a considerable range of depth or it may alter rapidly.
Depending on the spacing of discontinuities which may be of
various types, chalk may occur in massive form or in a highly
fractured condition. Rubbly chalk bands due to pene-
contemporaneous erosion, can occur within sound chalk and these
are to be distinguished from rubbly chalks produced by frost
action or other weathering processes.
Black (1953) reported that gritty chalk often contained
Inoceramus prisms or other coarse shell debris, whilst the hard
or nodular chalks were often characterised by an abundance of
foraminifera and chalk spheres. A preponderance of coccoliths
is typical of the common soft chalks, as in the Micraster chalks.
Discontinuities, for example bedding planes, joints,
~fissures and ~ults, are an extremely important feature of chalk.
In the Upper and Middle Chalks bedding planes may sometimes be
difficult to identify although, in the former, flint bands often
12
provide a useful guide. The interval between jOints and fissures
tends to increase rapidly with depth although, even at considerablE
depths, open fissures and even open bedding planes do occur,
Ward et al (1968). The fissure pattern is usually closely
related to the geomorphological environment as well as the under-
lying geological structure. Thus, open fissures are common in
anticlinal crests and on valley sides, as a result of stress
relief, cambering, etc. and are reflected in the high degree of
water transmissibility associated with such areas*. Higginbottom
(1965) has reported fissures up to 2 inches wide at 18 inch
intervals in the valley sides at the site of the Medway Bridge
and Ward (1968) has described open bedding plane separations up
to 1 cm wide at Mundford. The effect of solution is to further
enlarge fissures, hence the chalk in existing river valleys and
dry valleys are also often characterised by high water trans-
missibility. In this connection it is interesting to note that
Ward reported that there was no evidence of chalk being dissolved
by water; "the boundaries of all vertical jOints were sharp and
where the joints were open they fitted together", he wrote.
However, personal experience has shown that chalk adjacent to
naturally discontinuities is usually covered by scattered minute
black surface growths, believed to be pyrolusite (Manganese
dioxide). Even the chalk at great depth exhibits this feature
according to Hetherington (1966). This suggests that at·least
some of the joints described by Ward could have been produced very
recently by the augering process he employed to construct the
inspection and test shafts. Synclinal regions and faults are often
zones of tight jOints and consequently of restricted water
transmissibility.
* Transmissibility denotes the en-masse permeability of a rock as
distinct from the permeability of an intact sample of the rock.
In the case of chalk, the difference will be several orders of
magnitude.
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At shallow depths, fracturing may be very intense due to
the action of weathering, especially frost and the roots of
growing plants, which ultimately reduces chalk to a structureless
melange.
The degree and nature of fracturing is particularly important
in connection with engineering works, notably in earthworks,
stability of deep excavations, tunnelling and the settlement of
structures. It is of paramount importance in connection with
groundwater movement and supply, see Ineson (1962).
No account of the macroscopic structure of chalk would be
complete without reference to the well known black flints, which
are most abundant in the Upper Chalk and the Terrebratulina lata
zone of the Middle Chalk. Their inclusion in basal Tertiary
deposits indicates a prior date of formation. However, their
occurence within jOints, faults and in sheets, along as well as
at high angles to the bedding planes, suggests that at least some
were formed after deposition of the enveloping chalk although
most are probably penecontemporaneous. In fact, it seems almost
certain that the flints, consisting of micro crystalline
chalcedonic silica, are the result of secondary deposition from
alkaline groundwater. In the case of Chalk flints, it is thought
that the dissolved silica was derived primarily from siliceous
(opaline) sponge skeletons and loose spicules together with
scattered globules of inorga nic origin.
The flints which can be several feet in diameter although
typically measuring only a few inches, constitute a major
difficulty in drilling, boring, sampling and carrying out in-situ
tests in the chalk. However, during a visit to the Mundford test
site Ward et al (1968), Gallois reported that he had found it
possible to use the various flint types (shapes) and flint
assemblages as an accurate basis for identifying horizons within
the broader fossil zones.
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2.6. Conditions of Formation
In the Upper and Middle Chalks, detrital matter seldom
exceeds 2% of the rock at most horizons. Further, examination of
the detrital grains and also of the marginal facies of the
formation provide evidence indicative of a desert environment on
the land masses adjacent to the Chalk seas, Bailey (1924). A
desert peneplain with a mature or possibly senile river system
which yielded little detrital matter but a plentiful supply of
calcium carbonate is, therefore, postulated.
The presence of glauconite is usually regarded as an
indication of rock formation in a marine environment and, since
the maximum possible depth for carbonate of organic origin to
accumulate appears to be about 1000 fathoms, Swinnerton (1946),
an abyssal origin seems improbable. The latter depth can be
shown to be an upper bound value by comparing the conditions
operative in the nearest modern analogue to the Chalk sea. In
these the modern coccoliths are most abundant at depths between
30 and 50 fathoms whilst the molluscan fauna of the Chalk Rock
for example, is consistent with a maximum depth of around
100 fathoms; thus, this appears to represent a realistic
maximum depth for deposition. However, there are bands of
nodular chalk within the Chalk which signify periods of penecon-
temporaneous erosion and hence a shallow water environment.
Further, it has been postulated in Section 2.4 that the calcite
coccolith crystals may show evidence of abrasion, presumably
generated by wave and current action. Clearly, there is evidence
of considerable variation in the depth of water during chalk
deposition but, the virtual absence of diagnostic shallow water
features such as oolites, dolomitisation, coral and aragonite
forms, pOints to the absence of any prolonged shallow water
conditions. Therefore, taking account of all the available
evidence, it appears that apart from minor shallow water inter-
ludes, the Chalk probably formed in a moderate depth of water,
lJ
which gradually increased in depth during the Lower/Middle and
Upper Chalk; the softer chalk associated with the latter stage
probably corresponds with the greatest depth of water. The Danian
stage found in Denmark shows evidence in the form of an increasing
number of intercalated clay bands towards the top of the Stage,
that there was a gradual shallowing of the sea during this period,
marking the end of the marine cycle and the onset of a
continental period. The latter persisted until the next major
marine transgression began in Tertiary times.
In connection with the accumulation of the Upper Cretaceous
chalks, it is of interest to note that for the Chalk to have
formed within the estimated absolute time limits, Black (1953)
has calculated that the concentrations of coccoliths must have
been at least nine times greater at that time than have been
established in any modern sea.
The foregoing account may appear to be largely of academic
interest and of little relevance in the present engineering
context. However, its importance lies in the fact that it
provides a possible explanation for the very low degree of
alteration and the general lack of real cementation in the bulk
of the chalk. The argument derives from the observations by
Pettijohn (1957) that deposits which initially consist of calcite
are inherently less liable to reorganisation than those of
aragonite and, therefore, less likely to be transformed into
a dense hard rock. It will be appreciated that under the
postulated conditions of formation of chalk, aragonite which is
polymorphous with and spontaneously changes into calcite, would
be unstable. Finally, some writers have noted that no pre-
Cretaceous chalks are known, presumably inferring that they are
unstable and that the preservation of chalk must be largely
fortuitous. This argument is not a valid one, however, since
the coccoliths which constitute most chalk are not known in
pre-Triassic rocks and only become abundant in those of the
16
2.7. Petrological Classification
Having briefly described the structure, nature and formation
of the Upper Cretaceous chalks, it is now possible to complete the
geology of chalk by making a formal classification of the rock.
Consisting almost entirely of calcium carbonate the chalk is
simply a particularly pure variety of limestone. Following
Pettijohn (1957), three main limestone groups can be erected:
(i) Autochthenous limestone
(ii) Allochthanous limestone
(iii) Metasomatic limestone.
The inter-relationship between these groups is shown
diagrammatically, in Figure 2.5.
Autochthonous limestone forms by direct extraction of lime
from water, either by organic or inorganic agency and is, there-
fore, a PRIMARY carbonate deposit. The group is further divided
into three classes:
(a) Biohermal limestones )
) Autochthonous
(b) Biostromal limestones ) limestone)
(c) Pelagic limestones )
Classes (a) and (b) are accretionary, i.e. grow in place and
are attributable to benthonic (bottom living) organisms. Class (c)
cover pelagic (surface living, free moving) organisms. The
planktonic algae from which the coccoliths are derived clearly
fall in the latter class.
The Upper Cretaceous chalk can, therefore, be classified as
an "autochthonous pelagic limestone".
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3.1. Pipes and Swallow Holes
When dealing with limestone, its generally cavernous nature
is an acknowledge hazard and, as far as practicable, appropriate
investigations and precautions are usually taken. Figure 3.1.
illustrates a cavernous Carboniferous (Mississippian) limestone
from Kentucky described by Burwell and Moneymaker (1950); they
give an excellent summary of this problem, together with a number
of case histories in their paper. However, it is often overlooked
that chalk is only a variety of limestone and therefore, in
principle, is likely to exhibit similar features.
Fortunately, cavities of the type and complexity found in the
older limestones, such as that shown in Figure 3.1. or those in
the Carboniferous limestone of Derbyshire and South Wales or the
Cambrian (Durness) Limestone in the North West Highlands of
Scotland, are rare in the younger Mesozoic and Tertiary
limestones.
In common with other limestones however, pipes and swallow
holes, sometimes called '~ink holes", do occur in the chalk.
These features are primarily attibuted to the solution of the
bedrock by dissolved carbon dioxide in the meteoric and ground
water and not surprisingly are greatly influenced by the local
geological conditions, the pattern and frequency of joints in
particular.
Dealing specifically with chalk, its generally high mass
permeability would usually restrict the amount of surface run off,
so inhibiting a localised concentration of surface water and thus,
the formation of solution cavities. Where the chalk is capped by
clay or some other relatively impermeable cover, for example a
very weathered mantle of chalk material itself, the converse
situation is likely to arise at the margin of the capping and
solution cavities may form at the boundary.
~5
Swallow holes are ~ften roughly elliptical in plan, suggesting
initiation by joint enlargement, and have an inverted conical
profile, tapering downwards. Higginbottom (1965) states that well
developed swallow holes in chalk may continue to a depth of about
100 ft. Unlike their counterparts in older hard limestones, where
examples many hundreds of feet deep occur, they are seldom open
to their full depth and are commonly filled with chalk debris or
material from younger overlying deposits which have collapsed
into them as they developed. The term 'pipe' is commonly applied
to infilled swallow holes, although this name is sometimes
restricted to those holes having a near cylindrical shape .
.When the chalk has a cover of superficial deposits, it is
frequently characterised by marked irregularities in its sub-
surface level. Ridges and furrows with an amplitude of 4 to 8 ft
are common, but may reach tens of feet. These too are probably
solution features and occasionally have been found with associated
cavities where arching in the overlying soils was developed
sufficiently to prevent collapse. Examples of this phenomenon
have been seen in the Watford area, to the north of London, where
the chalk is usually capped by slightly clayey glacial gravels
and sands. The transition from surface or subsurface irregUlaritiet
to swallow holes and pipes is largely a matter of degree, because
in areas subjected to glacial and/or or periglacial conditions,
this has led to an accentuation of the features. This is often
the result of frost heave phenomena but may also have resulted
less obviously from the low ambient temperature of the period.
Thus, although carbon dioxide has a low solubility in water,
the solubility actually varies inversely with temperature, being
approximately 1.7 times greater at oOe than at l50e. Solubility
is increased even more by increased pressure and Bogli (1963) is
reported to have shown that the mixing of waters at different
temperatures may also cause accelerated solution of carbonate
rocks.
Unless the swallow holes are particularly large and deep or
have been recently activiated, it is usually very difficult to
detect their presence; in many cases a very gentle dishing is all
that occurs at the surface. With aerial photographs, however,
provided the ground is open, they are very often very readily
identified, occurring as dark roughly circular patches on a
lighter ground. On a proposed motorway route north west of London*
numerous potential swallow holes were identified in this manner.
The locations were transferred from the photographs to survey
plans and an inspection made in the field. Each one was found
to represent a surface depression relative to the surrounding area
and a few were selected for subsurface inspection by means of
trial trenches. These certainly revealed an increasing thickness
of chalk debris towards the projected centre of the area but
actual pipes were not located. Similar techniques were applied
more recently at a projected new town development at Welwyn where
a dry valley in the subsurface chalk was also tentatively
identified.
A more dramatic case involving reactivation of pipes arose
on a site at Maidenhead, Berkshire. At this site a Terrace
gravel and sand, varying from 15 to 20 ft in thickness, occurred
above sound chalk. For reasons related to "green belt development -~
the top of the proposed building was not to project above
existing ground level. It was, therefore, necessary to excavate
all the gravel and expose the underlying chalk. Formation level
had just been reached when a week-end of very heavy rainfall
intervened. Following the rain, a series of vertical cylindrical
depressions 'Pipes' were observed around the perimeter of the
excavated area, immediately adjacent to the foot of the gravel
slope. The pipes varied in diameter from 6 inches to about 3 ft
,ferred to is the Hun ton Bridge to Maple Cross section
.sed London North Orbital Route.
and extended mostly to a depth of about 2 to 3 ft, although one
reached a maximum depth of 7 ft. Water was pumped into the holes,
using a fire brigade appliance, and although the water drained
away within minutes, very little or no additional subsidence was
recorded. Boreholes were then made in a small number of the
larger depressions and also close by in what was anticipated
would be virgin chalk but, on the evidence of Standard Penetration
Test results, no significant difference was apparent. (Satisfacto~
core samples could not be obtained, due to the relatively hard
nature of the chalk and the presence of flints.) Because the
pipes were largely chalk filled, geophysical methods to locate
further pipes were ruled out since the relevant techniques
depend upon contrasting physical properties. The action taken
was to treat the suspect areas liberally with water in an
attempt to imitate the original trigger mechanism, but without
apparent success. Fortunately, circumstances allowed the whole
site to be left open for several weeks and no further pipes
appeared. At this stage a survey was made and taking the worst
possible section (where the pipes were most numerous) it was
found that they represented less than 20% of the plan area; a
realistic assessment of the perimeter strip as a whole indicated
that the area affected was unlikely to be greater than about 5%.
As the required bearing pressure was small, it was argued that
a nominally reinforced floor slab should well be able to span
any pipes which might subsequently develop having regard to their
size and spacing. The problem arose in 1960 and since no further
communication has been received, it is assumed that no unforeseen
difficulties have arisen.
A similar conditions but in somewhat different circumstances,
arose at an existing hospital near Watford, Hertfordshire.
Cavities appeared around a three storey nurses' home and were
found to be intimately associated with leaking drains and hot
water pipes. However, large voids were revealed in trial pits at
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the interface between the sandy clay overburden and the
underlying chalk. After repairing the drains and water pipes
the cavities were packed with lean mix concrete. Elsewhere on
the site where extensions and general re-development was
proceeding, the standard procedure on all foundation excavation
was to probe the bases by driving a steel rod several feet
below proposed foundation level. Where poor subsoil conditions
were indicated, the excavations were deepened and backfilled
with selected fill.
Problems with swallow holes, pipes and especially solution
irregularities in the chalk surface have also been experienced
by the writer at High Wycombe, Watford, Hemel Hempstead, Whitstable
Woolwich, Sidcup and in the Orpington district. Higginbottom (196~
quotes other areas and gives brief descriptions of several
occurrences, together with measures adopted to deal with them.
Study of the distribution of pipes within the south east of
England, especially the Thames Valley, shows that they are often
located close to the boundary of the existing Tertiary deposits.
This has been attributed to the clays in the Woolwich and Reading
Beds and the London Clay effectively concentrating groundwater
flow, as discussed in an earlier paragraph. However, it is
possible that this is coincidence and is essentially a function
of the extension of suburban development and, therefore, is an
apparent rather' than a real condition. Where the relatively
permeable Thanet Beds are present, swallow holes may actually
occur beneath the Tertiary formation.
Swallow holes and pipes clearly present a hazard to
engineering works. Particularly where large heavily loaded
foundations or small footings are involved, they are a potential
source of excessive local and, therefore, differential settlement.
Borings cannot normally be regarded as a realistic method of
locating these features. Geophysical techniques have been tried,
both shallow seismic and resistivity methods. The latter has met
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with partial success where the infilling material is of
contrasting resistivity and also meets certain scale and depth
requirements. Resistivity methods were of some help during the
construction of the High Wycombe By-Pass, where certain sections
were very badly affected by the incidence of pipes. However, the
approach has not normally been very conclusive. Early and Dyer
(1964) have reported a successful resistivity survey carried out
in Karstic dolomitic limestone which could be likened to the
conditions obtaining in some chalk areas. More recently Love
(1967) has described a series of tests to locate sink holes in
limestone covered by 20 ft of alluvial soils. Constant
separation resistivity traverses gave the most promising results.
At Welwyn new town, a down the hole acoustic logging device has
been tried. Whilst showing some promise, this method too was not
wholely satisfactory.
Irregularities in the surface of the chalk have been the
cause of numerous difficulties in construction. Predetermined
foundation levels, perhaps based on boreholes at only one or two
very widely spaced locations, have often been found to be most
inaccurate when foundation excavations have been started. If the
foundations are not taken to sound chalk throughout, then the
usually weaker and more compressible overburden infilling is
liable to lead to unacceptable differential settlement; the
alternative, deep excavations, may greatly increase the cost of
the foundations. Fluctuations in the surface of chalk are
extremely common and the writer always recommends that provision
should be made for changes in the depth of foundation excavations
into chalk.
The geological conditions likely to lead to the larger scale
and more serious solution features have been enumerated above.
In many cases it should be possible to make a reasonable
assessment of the probability of their presence but, the perversit~
of nature should never be underestimated. Where the risk is high,
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full scale pits and excavations provide the best and most
reliable means of examining the sub-soil, supplemented where
practicable by soundings. The latter need only be of the
crudest type, provided a standard procedure is adopted and thus
enable variations to be identified.
3.2. Underground Workings
This topic can perhaps be regarded as a natural extension
of the preceding subjects, since both involve the presence of
cavities within the chalk, although in this case, produced by
human agency.
At a few isolated localities, chalk and flints have been
mined, usually by pillar and stall methods but also from bell
pits. Workings, adits and tunnels used in connection with
this work have beenfuund in the Norwich and Woblwich areas.
Unfortunately, many more are suspected but are extremely difficult
to locate. Higginbottom (1965) cites cases in Chislehurst and
Plumstead.
Headings are often driven out from large diameter shafts
drilled in the chalk to improve their water supply. Normally
these occur at considerable depths but could sometimes be within
the reach of pile foundations. Headings may also have been
driven for hiding and storage purposes. At a site in Orpington,
Kent, a large cellar-like excavation roughly 20 ft square was
revealed whilst re-grading was in progress. A local
archaeologist considered the excavation to be of the Neolithic
age. Despite its antiquity, and with a chalk cover varying only
from 5 to 8 ft in thickness, the walls and a short tunnel (with
a 'gothic' roof) leading to a small shaft, all hewn from very
closely fractured chalk, were almost completely intact. The
marks made by the tool used to excavate the chamber were still
visible on the walls.
At Whitstable, on the site of a Roman settlement, a number
of cylindrical waste and possibly storage pits were disclosed by
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excavations for the installation of drains and sewers. Inverted
truncated cones (urn shaped) pits were also found, usually
containing human bones. These were thought to be burial chambers.
Fortunately, although widely scattered, the dimensions of all the
chambers were small, being typically about 3 ft in diameter and
only penetrated about 4 ft below the surface of the chalk.
Similar chambers have recently been excavated at Danebury,
Wiltshire, in an Iron Age fort.
In Norwich, Welwyn and Woolwich, development schemes have
been influenced by the presence or suspected presence of workings.
At Whitstable and Orpington, extensive additional surveys were
undertaken by the writer and the site layout was greatly modified.
3.3. Residual and Derived Chalk Deposits
In common with all natural deposits, chalk formations are
subject to the normal processes of weathering, erosion,
transportation and redeposition. Given suitable conditions,
a full range of soil types composed of chalk, ranging from chalk
'mud' to chalk 'gravel' can be encountered in-situ. Further,
considerable thicknesses of disaggregated chalk which has under-
gone no significant amount of transportation can be found. For
these two main categories the terms 'Derived' and 'Residual'
deposits are suggested.
3.3.1. Residual Deposits
If the natural surface soil profile is neglected, this is
commonly less than 2 ft thick where chalk outcrops, then residual
chalk soils can be attributed almost exclusively to the glacial
and periglacial environment associated with the Pleistocene
period.
As will be shown later, most chalks below the zone of
evaporation, 2 ft to 3 ft below the surface in the British Isles, -
are very close to full saturation. It can also be shown that the
particle size of most chalks comes close to the optimum required
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for ice segregation to occur , R.R.L. (1953) and Lewis and Croney
(1965). Thus, at sub-zero temperatures, when near surface water
in the cracks and fissures freeze, the pore water may remain fluid,
because its freezing temperature is depressed by the high
capillary forces generated. The resultant suction initiates
migration from below of super-cooled pore water which freezes
on contact with the existing ice in the fissures and cracks.
Capillarity maintains a continuous supply of super-cooled water
to the ice face, thus causing progressive enlargement of the ice
mass. As the temperature isotherms are usually sensibly parallel
with the ground surface, the ice mass tends to adopt a tabular or
lens like habit, often utilizing bedding planes. Enlargement of
the ice lens causes the ground to heave, evidence of which occurs
in the form of general disturbance features, the processes
passing under the collective term cyroturbation. Using simple
laboratory tests lasting only a few days, a two fold increase in
the height of chalk specimens due to ice lens formation can be
demonstrated, Lewis (1965). Where the ground is perennially
frozen - "permafrost conditions", for tens or even hundreds of
years, movements of enormous magnitude can occur. In northern
Canada and Scandinavia where permafrost exists today, frozen
ground has been reported to depths of over 1000 ft although this
is believed to be unusually deep. Therefore, in the glacial or
periglacial conditions which obtained over England during the
Pleistocene period, the affect on chalk, which is particularly
susceptible to frost heave, can well be envisaged.
Freezing will cause shattering and disaggregation of
chalk, the degree probably depending upon the extent of freezing
and the number of cycles of freezing and thawing to which it has
been subjected; this may lead to chalk being in a metastable state.
Given suitable conditions, a mantle of rubbly chalk (hard lumps
in a fine matrix) will remain when the ice has disappeared. In
small scale excavations it is sometimes difficult to distinguish
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chalk affected in this way from otherwise virgin but intensely
broken chalk. In large exposures, marker horizons or flint bands
can often be seen forming a series of festoons and the flints may
be excessively cracked; foreign matter is normally absent. Where
the area has been glaciated, cases are known where the thickness
of residual chalk has reached depths of about 50 ft but
Higginbottom (1970) reports thickness up to 100 ft. Beyond the
southern limit of glaciation, roughly south of the River Thames
Valley, depths of residual chalk debris exceeding 20 ft are
probably rare.
The presence of frost shattered chalk can be of considerable
significance in engineering works particularly where it is in a
metastable state and coincides with a high water table. In these
circumstances, the chalk is apparently very soft, may be
sensitive to disturbance and in deep excavations and boreholes
excavated below the water table, may "blow" rather like a sand
type soil.
To complete this section on residual deposits, mention
should be made of shattered or altered chalk arising from tectonic
movement such as faulting, folding and internal shearing. This is
well illustrated by a series of shear zone in the chalk, parallel
to the bedding which is vertically orientated in the area,
on the south east coast of the Isle of Wight. The chalk has
been largely reconstituted and exhibits a pronounced augen
structure. Under these conditions, zones of finely comminuted
and cemented chalk may form a relatively impermeable barrier
giving rise to localised anomalies in the groundwater conditions.
They may also represent zones of potential instability, of
particular importance where excavations are proposed.
3.3.2. Derived Deposits
Resulting from the normal denudation cycle, accumulations
of chalk scree, chalk wash, chalk grit and chalk gravel as well
as transported frost shattered chalk, can all be found. In the
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main, however, due to the relative softness of chalk compared
with other rocks, only chalk deposits related to or derived from
the latter source are extensively developed and are of considerable
importance.
Although the main Pleistocene ice sheets never extended south
of the present course of the River Thames, a periglacial
environment certainly extended far beyond the ice front, probably
affecting the whole of England to some degree. For long periods
the ground was deeply and permanently frozen, although partial
thaw of the near surface layers occurred periodically. On these
occasions, the waterlogged, shattered and disaggregated frost-
detached debris was able to move slowly down gradient over the
still frozen and impermeable sub-stratum. To this process the
term solifluction is applied. Solifluction deposits occur
characteristically in valley bottoms, hollows, at the foot of
slopes and as fan-shaped or lobate masses at the mouths of dry
valleys in the chalk. Weeks (1969) has described several examples
of slopes affected by periglacial activity from areas in south-east
England.
Because chalk is so susceptible to frost heave, solifluction
deposits are particularly well developed in southern England where
they are also referred to as "head" or "coombe deposits".
Thicknesses up to 80 ft have been recorded on the southern
slopes of the South Downs.
Head typically consists of poorly sorted angular or sub-
angular chalk debris, with angular flint fragments, set in a
matrix of fine chalk or chalk mUd. As distinct from the
residual frost shattered chalks, the head deposits frequently
embody material from other locally occurring formatio~) a bright
reddish brown clay is especially common. A rude stratification
is often apparent and there may be an upper zone, 2 to 3 ft thick,
of decalcified brown flinty clay. In some cases the Coombe
Deposits have been cemented by secondary calcium carbonate,
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leached from above, to give a relatively hard formation known as
Coombe Rock.
The solifluction deposits may pass down into residual
~material and laterally into alluvail or colluvial deposits.~
The Derived Deposits are of vital concern to the engineer
because they represent a number of difficulties and even hazards,
some of which are considered below:
(a) The deposits are poorly sorted, including material
other than chalk, and at the best are only rudely
stratified. At several locations on the south
coast layers of largely clayey and peaty material
have been revealed within a mainly chalk sequence.
Prediction of ground conditions can, therefore, be
particularly problematical and careful sampling
and description is essential.
(b) Where the deposits occur below the water table,
the chalk may be very soft. Cases of 'blowing'
into excavations have been reported and whilst
boring small diameter boreholes it has been
found necessary to secure drilling equipment
which tended to sink under its self-weight. Such
conditions have been experienced by the writer
in the areas of Brighton, Canterbury and Luton.
(c) Not infrequently, a relatively hard layer is
subsequently found to be underlain by a very
weak layer. On the south coast, sites have
been investigated where there have been several
alternations of hard and soft layers. In the
Basingstoke and Reading areas for example, it is
commonly found that beneath the widespread
gravelly overburden, a single thin crust of hard
chalk overlies soft rubbly chalk.
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(d) The engineering properties and behaviour of
the material, for example in earthworks, may
show a marked deviation from normal, requiring
special testing and handling techniques. This
topic will be expanded in a later section.
(e) Soliflucted chalk may be particularly susceptible
to flow and/or translatory slides. A parallel
can be drawn with the experience on the route of
the proposed Sevenoaks By-Pass, described by
Weeks (1969) and (1970) where solifluction debris
was found to be unstable on slopes of 2° to 3°.
(f) Unless it is extensively contaminated with
foreign matter, difficulty may often be
experienced in determining the precise extent of
the soliflucted chalk, especially when only
borehole data is available. It is also difficult
to obtain good samples and, therefore, to carry
out laboratory tests requiring undisturbed
material. Recourse to expensive in-situ testing
is then often necessary on any important projects.
Before concluding this section, it should be pOinted out that
the chalky boulder clays which are extensive in East Anglia, Essex
and the South Midlands, could also be classified as derived
deposits. However, the discrete chalk particles which occur in
these boulder clays normally only represent a small proportion of
the soil as a whole and, therefore, it is not proposed to consider
them in the present work. Nevertheless, even a small proportion Of
chalky material can have a significant effect on the engineering
properties of a soil*.
* Tests carried out in 1967 by Le Grand, Sutcliff & Gell Limited,
showed that less than 10% chalk particles in a heavy boulder
clay were sufficient to impart a high degree of frost
susceptibility. Personal communication from Mr. R. F. Bartholome,
Chief Engineer.
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3.4. "Putty" Chalk
This term constantly appears in engineering reports
relating to chalk soils and has often been the subject of very
heated discussion. It is the writer's opinion that much
misunderstanding has arisen on this question mainly because there
has been a lack of appreciation of:
(a) the various types of chalk deposits which do Qccur
in practice;
(b) the mechanisms involved in the formation of
these deposits and
(c) the manner in which chalk with a putty-like
(plastic) consistency can be produced artificially.
Points (a) and (b) have already been covered in the
immediately preceding sections and only the final point requires
explanation.
The natural water content of chalk usually lies very close
to or slightly above the plastic limit, as indicated by the
standard Atterberg Limit test, which is not always easily
carried out. Therefore, if sound chalk is remoulded, and
thereby disaggregated*, it readily reduces to a plastic or
viscous condition "Putty chalk".
It has already been pointed out 'that the process of
freezing can cause chalk to disaggregate and that both residual
and derived chalk deposits may have .structure comprising
hard fragments in a soft matrix. The proportion of fragments
to matrix will vary and it is possible to find deposits
consisting almost entirely of the soft matrix material. In the
presence of groundwater, such material may be reduced to a slurry
* The term 'disaggregate' is used throughout this work to denote
breaking down the chalk structure to a degree where the
fragments probably approach the ultimate size of the individual
chalk particles.
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and behaves as a viscous fluid. This condition has been
experienced in boreholes and has also been seen in open pits*.
Excessive working and over compaction of chalk can cause
disaggregation and result in a build up of excess pore water
pressure and result in the chalk behaving in a viscous fluid-
like manner. 'Mattressing' is a common experience in chalk
earthworks where the tendency is to employ very heavy scrapers
and rollers, which are not generally suitable with chalk.
It is not unreasonable to suppose that wherever chalk has
been remoulded, putty chalk will have been produced. Thus,
fault zones, shear planes and slip planes may also contain
such material. The cases mentioned so far are the result of
natural processes, but clearly, comparable conditions can be
produced artificially. Thus, operations in connection with
boring, sampling, excavating, compacting, pile driving are
all liable to cause localised disturbance resulting in
remoulding and disaggregation of the chalk to some degree.
Further elaboration of these topics will be deferred to
an appropriate subsequent section, but from what has been said
so far, it is possible to draw some general conclusions:
(a) Wherever high local stress concentration arises
either as a result of natural or artificial
mechanical disturbance, disaggregation occurs
and putty chalk is likely to be produced.
(b) Except where putty chalk has been formed on
shear planes or has been washed into fissures
* In a personal conversation with Mr. D. J. Shearman, Department
of Geology, Imperial College, he told of a site in Pegwell Bay
where, due to the inflow of chalk slurry into a pit, deepening
the excavation was impossible and that subsidence of the
surrounding area was creating a hazard.
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or pipes, etc., it should only occur above and
not within sound virgin chalk.
(c) Most instances of reported putty chalk within
established virgin material are almost certainly
due to artificial mechanical disturbances.
In conclusion, it should be noted that even the most badly
disaggregated chalk will at least partially recover some of its
cohesiveness with time. Tomlinson (1975) has also remarked upon
this property. Undoubtedly, in many cases, the observed increase
in stability must be credited solely to drainage and dissipation
of excess pore water pressures but, additional processes are
thought to be involved. The nature of these processes are not
fully understood but it has been shown that the stress
concentrations at points of contact between individual crystals
can cause redistribution of calcite at a molecular level and
could result in pressure 'welding'. This is but one
possibility. However, a more detailed discussion on the nature
of the cohesion in chalk will be given in a later section.
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4. INVESTIGATION OF GROUND CONDITIONS IN CHALK AREAS
Several references have been made to the use of geophysical
techniques in delineating and locating pipes, swallow holes,
large open fissures and old workings. Where chalk forms the
bedrock, the techniques can also be used in the usual way to
determine thickness of overburdenonA further, when conditions permit
as an economical means of tracing already established horizons
between points where the succession is known. However, these
techniques can seldom be considered self sufficient since control
sequences are normally essential and no viable correlation between
geophysical parameters and engineering properties or behaviour h~s
yet been obtained. Therefore, geophysical techniques are best
used to supplement and not supplant the other techniques to be
described presently.
4.1. Natural Exposures
Clearly, if chalk outcrops or has been exposed due to
construction works or quarrying activities, then these are likely
to provide a most valuable insight into the nature and condition
of the chalk in a given area. Reference to Ordnance Survey and
Geological Survey maps, particularly old editions, will often
yield valuable information on quarries, both large and small. The
Memoirs which accompany most geological 1" maps may also contain
a wealth of information. Together with a set of aerial photographs
these are the prime initial sources requiring study before proceed-
ing with any of the more conventional sub-surface exploration
methods.
4.2. Boring and Drilling
Boring provides the most common method of investigating
ground conditions, since it offers a number of advantages, namely:
(a) It enables considerable depths to be reached at
relatively low cost, without causing extensive
disruption of the surface.
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(b) Samples can be obtained which are suitable for
examination and for testing, so that geologic
and engineering profiles can be established.
(c) Subject to their being of suitable diameter, it
is possible to carry out in-situ tests either as
boring proceeds or after completion.
(d) Boring can yield useful guidance on potential
difficulties or hazards which may arise in the
full scale construction; groundwater conditions
and piling operations are particularly relevant
in this context.
All these points can be applied equally well to many soils
and rocks but they have been enumerated in this instance because
a number of special factors arise in relation to chalk. These
are considered below.
"Shell and auger" boring, more appropria tely called cable drop
tool boring because advancement is primarily by means of a
percussive action, is the method most widely used in the British
Isles at the present time. In recent years attemp.ts have been
made to bore with hollow stem continuous flight augers but high
capital and operating costs, difficulty with flints and compulsory
reversion to standard sampling and testing has generally been
found to make this approach uneconomical. However, it is probably
true to say that insistence by most engineer clients that the
standard 4 inch diameter "undisturbed" sample should always be
obtained, has been the main reason for the retention of the
former method and the manner of development of the latter; this
effectively sets a minimum borehole diameter of about 6 inches.
On the other hand, drilling the hard rock bands and flints in the
chalk is greatly facilitated by the larger diameter boreholes
because larger and heavier equipment can be used and the
obstructions are more easily removed, at the cost of disturbing
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the chalk at an even greater distance ahead of the actual boring
level. Clearly, the retention of the natural structure and
prevention of disturbance of any kind should be inherent in the
method of boring employed. However, the essentially percussive
boring action of the cable drop tool method inevitably increases
fracturing to some degree, causes disaggregation and leads to the
production of putty chalk. This is obviously an unsatisfactory
state of affairs and raises the question: is there an alternative
method?
Rotary methods using tungsten carbide and diamond bits have
been used, employing both water and air flush as the drilling
medium. However, coring in less than nominal 3 inch diameter
seldom yields satisfactory core recovery and even then, only in
the sound unweathered chalks. Therefore, an alternative method
of penetrating and sampling and/or testing the weathered chalk and
any other overburden soils, has to be used. Further, flints
present a great problem to drilling; they readily damage the
diamond bits due to shock stresses or due to continuous movement
of the flint, because the chalk is too soft to secure the flint
unless they are very large relative to the hole. Consequently,
except on major investigations, the use of large diameter rotary
drilling can seldom be justified economically.
The soft friable siltstones and mudstones of the Keuper Marl,
which are widespread in the United Kingdom and presents almost
identical difficulties as chalk, was successfully drilled and
sampled by the writer with a Pitcher sampler, Terzaghi and Peck
(1967). This is essentially a spring loaded stationary thin
walled steel tube contained within a heavy duty housing fitted
with a tungsten carbide crown bit. The sampler is advanced by
rotary action; circulating water being used to remove the cuttings.
Full (100%) recovery was obtained in uncemented and cemented marls
with this equipment. In recent months it has been reported. that
• Personal communication from Dr. O. Cornforth, a former business
colleague of the author.
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this same equipment has been employed with similar success in
chalk of equally variable quality. However, the presence of
flints was again troublesome.
An interesting extension of the borehole method of
investigation is one used by Ward et al (1968), where 3 ft
diameter shafts were sunk with bored piling equipment. The shafts
were constructed, mostly unlined, to depths of about 60 ft and
were used both for visual classification of the chalk profile and
for large diameter ·plate bearing tests. All the shafts were
terminated above the groundwater table level established earlier
by means of conventional borings. This technique clearly has much
to commend it but equally clearly, could only normally be justified
economically for major projects.
A very comprehensive critical account of methods and equipment
used in boring and sampling for civil engineering purposes has been
compiled by Hvorslev (1949). Many of his observations can be
applied to chalk and, whilst sampling will be discussed separately
in a later section, it will be apparent from the foregoing
comments that there is no fully satisfactory and universally
applicable method of boring or drilling chalk.
4.3. Trial Pits
Provided it occurs within 10 to 15 ft of the ground surface
and groundwater is not present at a shallow depth, pits are by
far the most satisfactory and often the most economical way of
examining chalk*. The importance of trial pits was also
emphasised by Dennehy (1975), in his case in order to obtain an
understanding of the significance of dynamic penetration tests.
This method has the advantage that the chalk can be
examined in-situ where, by carefully cleaning the faces,
* Most modern excavators will quickly dig trenches 2 to 4 ft wide
and 16 to 18 ftdeep. If fitted with standard extension arms
depths between 20 and 30 ft can be reached quite readily.
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disturbance will be minimal and the natural structure can be
seen. If appropriate, sampling and in-situ testing can be
effected to the greatest advantage, alleviating uncertainties
which inevitably surround tests carried out in the depths of
boreholes.
One slight disadvantage with pits is that they may open up,
and consequently distur~ a considerable area of ground and it
is unlikely that the ground can be restored to the original
compact condition. Therefore, as far as practicable, it is always
advisable to locate the pits outside potential foundation areas,
although as close as possible in the case of large foundations.
Alternatively, closer control of backfilling or replacement with
selected compacted backfill should be carried out.
4.4. Sampling
When investigating the engineering properties of chalk, the
sampling methods used should be designed so as to maintain the
material in as near the in-situ condition as possible. For
example, any additional fracturing and the formation of putty
chalk should be prevented. However, it has already been
explained that when boring or drilling, some disturbance is
inevitable, a situation which applies also to open drive
sampling where the effects can actually be observed.
Open drive samples frequently have a per~ral zone,
perhaps 0.2 inches wide of completely reconstituted chalk. If
a particularly hard layer or piece of chalk is encountered or a
flint, the zone will be extended, sometimes throughout the whole
sample.
The standard sampling equipment is obviously even more
unsatisfactory in chalk than in other soils but, it has been
found that non-standard heavy duty steel serrated ('crown')
cutting shoes do enable better and less disturbed samples to be
obtained. Even below the water table, where chalk samples taken
with the normal cutting shoes are commonly slipped (drop out of
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the barrel), the serrated shoes have proved successful. Despite
the disturbance, however, an experienced observer can still
obtain a great deal of valuable information from a visual
examination of open drive samples. Further, it must be remembered
that this is often the only practicable method available to obtain
samples of heavily fractured, residual and derived chalks at
depth.
Where rotary drilling methods are employed, samples should
be taken with the double or triple tube face discharge type core
barrel. With this type of barrel the stationary inner tube
prevents vibrationary disturbance, the cutting edge arrangement
largely prevents contact with the circulating fluid and the area
ratio of the sampling device has not to be considered, since there
is no ground displacement involved. It has already been pOinted
out that usually, normal rotary drilling is only successful in
sound chalk and that the Pitcher Sampler is potentially a very
useful device in the lower grades of chalk as well.
Block samples can be obtained from trial pits or shafts and,
if the properties of the chalk in other than the horizontal plane
are to be investigated, the samples can be suitably dimensioned
and orientated. Some success has been achieved in taking core
samples in pits using high speed light weight rotary drilling
equipment. However, only small diameter cores (maximum about
1.25 inches diameter) are normally obtainable.
4.5. In-situ Testing
4.5.1. General Observations
A full range of in-situ tests can be carried out in chalk.
In practice, apart from;the simple Standard Penetration Test (SPT),
most of the other potentially applicable tests are relatively
sophisticated, even in their most basic form. Further, the cost
would generally be considered prohibitive for all but major
investigation programmes. Notwithstanding, a brief account of the
available tests is given below:
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The following are amongst the most important in-situ tests
that might be carried out:
In Boreholes:
(a) dynamic penetration tests;
(b) static cone penetration tests;
(c) small diameter plate bearing tests;
(d) pressuremeter tests;
(e) permeability tests;
and in Pits:
(f) large plate or loading tests;
(g) direct shear tests.
In-situ tests to determine density and California Bearing
Ratio values have been omitted from the above list although they
are sometimes carried out and certainly data from such tests will
be given later.
It has already been pointed out that chalk is particularly
susceptible to disaggregation and disturbance. Consequently, it
is difficult to obtain high quality representative samples
suitable for laboratory tests. Further, the natural
discontinuities have an important influence on the behaviour of
chalk. Consequently, it would be reasonable to suppose that
chalk was eminently suited to in-situ methods of testing.
Unfortunately, the forementioned factors are also extremely
troublesome in the field and great care is required to minimise
the general disturbance and disaggregation. Further, where
practicable, the scale of the test has ideally to be such as to
reduce the effect of any disturbance to negligible proportions
as well as being related to the dimensions of the intact
fragments of chalk.
In the following section it is proposed to briefly
describe and discuss the use of the above tests, either when they
have been carried out by the writer or have been reported by
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other workers. It is not proposed to discuss the results
obtained at length, since these will be considered in some
detail at a later stage, when they can be reviewed in
association with other test data.
4.5.2. Tests in Boreholes
4.5.2.1. Dynamic Penetration Tests
Because of the many problems associated with the sampling
and testing of chalk, it has long been the writer's practice to
carry out Standard Penetration Tests (SPT's) when boring this
material. The procedure currently adopted is to take a 4 inch
diameter open drive sample and then to carry out the SPT at the
bottom of the sample hole, before using any further boring tools
or advancing the borehole lining tubes. This method ensures
that the test is carried out at least 2 feet ahead of the boring
where there is little chance that the chalk has been disturbed.
In view of the widespread use of cable drop tool boring
equipment for site investigation purposes, this precaution is
considered to be very important.
The SPT consists of driving a 2 inch diameter tube by means
of a 140 Ib weight f~lling freely through a distance of 30 inches;
it is now common practice to employ automatic trip hammers for
this purpose, the blows being applied at the head of the rod string
which terminates on the penetration tool. Some workers use the
hollow shoe, originally designed for sands and some the 600 cone,
originally developed for gravelly soils. The writer normally
uses the latter. This avoids damage to the tool, S'hould one of
the hard chalk bands or flints be encountered and also, has the
merit that all tests can be carried out with a single tool thus
eliminating a variable. The penetration value 'N' is defined as
the number of blows required to drive the tool 12 inches into
undisturbed ground. Thus, it is customary to drive the tool an
initial 6 inches and then to begin the test proper, recording the
number of blows over four successive 3 inches increments.
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Originally, the test was designed for purely granular soils,
the penetration values being correlated empirically with bearing
capacity and settlement properties of the soil; Terzaghi and
Peck (1948).
At the present time, there is no widely accepted
correlation for SPT's in chalk although crude simple
classifications have been proposed by Dixon, Palmer and Nixon
(ICE, 1965). They recognised weak, medium and hard grades of
chalk with 'N' values 0-20, 20-40 and over 40 respectively.
Their criterion for descriptive purposes was the size of the
intact fragments and the amount and consistency of the matrix
chalk. Since their correlation was based upon examination of
disturbed bulk samples, the condition of which must depend upon
the size of boring and methods used, the representative nature
of the samples and hence the descriptions must be questioned.
Based upon the results of a great many site investigations
involving boring, drilling and trial pitting, together with field
and laboratory testing, the writer has developed a slightly more
refined classification. It has also been found possible to
equate the penetration values approximately with the category or
grade of chalk.
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Over 40
Grade
I
semi-plastic
with small or
intact fragments
Approximate
Category
Penetration
Value 'N'
(blows/ft)
Type of
Chalk Nature
VI Very Soft Plastic,
completely
disaggregated
chalk
25-40
15-25
10-15
5-10
0-5
II
III
IV
Hard Very strong*
jointed chalk
broken only with
difficulty,
requiring a tool.
Virgin jOinted
chalks.
Virgin jointed
chalks.
Very stiff Strong*, brittle
chalk broken with
fingers but not
easily
disaggregated.
Transitional
(mostly slightly
weathered and
intensely
fractured chalks.
Residual
(weathered and
frost shattered
chalks)
Derived
(soliflucted and
reworked chalks)
* The use of 'soft', strong and very strong in this context are
Stiff to
very stiff
Compact rubble
chalk or 'soft'*,
jOinted chalk,
easily
disaggregated by
finger pressure.
purely relative and are not intended to complywith current
rock strength classifications (see Geological Society Englneerinl
Group (1970)).
Firm to
stiff
Rubble chalk -
mainly stiff
fragments in a
softer matrix.
V Soft Rubble chalk -
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The foregoing classification is regarded as an index to be
used in conjunction with all available data and not normally in
isolation. However, as will be shown in a later section, despite
the obvious limitations and crudity of the SPT, reproducible
results and meaningful engineering correlations have been
established by a number of workers, including Wakeling (1970),
Kee (1968) and Lake and Simons (1970).
It will be noted that consistency limits appropriate to soil
description have been applied to chalk although, it is usually
regarded as a soft rock. This is deliberate because, apart from
the virgin chalk categories, the former terms describe the nature
and properties of the material more realistically. Further, the
rock strength classification proposed by the Geological Society
Engineering Group Working Party Group (1970) would classify almost
all chalk as 'very weak'; this is considered totally inadequate
for useful descriptive purposes.
Finally, it is interesting to note that apart from minor
variation, the above SPT classification is very similar to that
produced by Wakeling (1970) based on specific correlation with
the Mundford investigation by Ward (1968) and Burland (1970). The
term chalk 'grade' was introduced by Ward (1968), who recognised
five main groups reflecting primarily the nature and incidence of
discontinuities within the chalk in that area. Wakeling (1970)
increased this to six groups, GRADE I denoting the highest quality
intact chalk and GRADE VI the lowest quality, comprising very soft
structureless chalk. The general 'grade' approach proposed by
Ward is undoubtedly sound, recognising as it does the essential
control of discontinuities rather than the intact strength of the
material. However, there is insufficient data available to
determine if the actual joint or discontinuity spacing observed at
Mundford and incorporated in Ward's classification, could be of
general application. Further discussion of this matter will be
deferred to a later section.
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4.5.2.2. Static Cone Penetration Tests
Using the Dutch 2 ton capacity machine, static cone penetratio
tests have only been carried out at one site by the writer,
namely at Theale, Berkshire. The material tested was thought to
be very soft redeposited chalk. At this site the water table
stood close to ground level and there was a mantle of alluvium
and river gravel overlying the chalk; very few open drive samples
were obtained and rotary core drilling was attempted without
success in the upper layer of chalk. Tests in France have been
reported by Florentin (1961) and by Debaille and Ghiste (1965) and
recently, Hodges and Pink (1969 and 1971) have described a series
of tests made in the Portsmouth area in highly weathered chalks.
In the tests carried out by the writer, wide fluctuations in
the total (cone plus friction) and cone resistances were measured
over very short vertical intervals (about 6 inch centres). This
could be attributed to the presence of intact chalk fragments
within the general chalk mass and occasionally to flints. In the
consistently and undoubtedly better quality chalk, an overall
increase in pOint resistance with depth was recorded, but over
specific depth intervals up to and exceeding 5 ft, relatively
constant values were obtained. This is illustrated by Fig. 4.1,
Boreholes BO/ll and BT/ll. The cone resistance varied from 15
to 80 tons/sq ft but seldom fell below 20 tons/sq ft. Attempts
to correlate average cone resistance with SPT, which varied
between 5 and 30 blows/ft, proved unsuccessful. Fig. 4.2.
The tests by Florentin (1961) were in marly chalk (Lower
Chalk) and not relevant to the present discussion. Those reported
by Debaille and Ghiste (1965) were located in Upper Chalk but
include no other test for correlation; both workers were primarily
concerned with relating penetration resistance and effective shear
strength properties. Hodges and Pink (1969 and 1971) carried out
tests in very weathered rubble chalks obtaining very variable
values with poor correlation. They claimed that the sounding
53
method was much cheaper and quicker to effect than normal site
investigation methods and, therefore, that it was better value.
However, the method is restricted to the softer varieties of chalk
and does not provide samples for testing or enable the nature of
the chalk to be ascertained. This knowledge is essential for a
reliable assessment of the material for engineering design and
the writer cannot subscribe to the views of Hodges and Pink on
this matter.
On balance, it is considered that the static cone test may
provide a useful complementary test in specific situations in
the poorest chalk grades. Also, they do enable a continuous
profile to be established and thus identify marked changes in the
ground conditions. However, it is essential to take account of
the structure and fabric of the deposits in relation to the
relatively small dimensions of the zone in which each test or
observation is made.
4.5.2.3. Small Diameter Plate Bearing Tests
Using nominal 5.5 inch diameter plates, such tests were
carried out by the writer in a variety of chalks in the Welford
Theale district and also in the Chorley Wood, Hertfordshire
district, in connection with a proposed North Orbital Road
project. Similar tests have been reported by Tomlinson (1965)
and Butler and Lord (1970). In all cases the tests were
primarily intended to assist in pile foundation design.
The general arrangement of the test equipment used at
Welford is shown on Fig. 4.3 and some typical results on Fig 4.4.
Tests were made with a rigid 5.5 inch diameter plate at various
levels in 6 inch diameter boreholes, generally lined to the level
of the test. Reaction was obtained from 18 ft long 15 inch
diameter cast insitu concrete anchor piles, constructed with a
lorry mounted auger. The force was produced by a calibrated
hydraulic jack through standard socketed 5 inch drill pipe to
a specially machined base plate. Settlement was measured from an
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independent unloaded internal rod, formed from standard drill
rod screwed directly to the base plate, using a 0.0001 inch
micrometer·
Particular attention was paid to the boring and preparation
procedure. For this purpose the normal boring equipment was not
permitted to penetrate closer than 1 ft above the test level.
The remaining cuts were made very carefully with a conventional
auger and the final trimming with a specially made flat bottomed
auger. Beneath the water table, the trimmings could not be
retained on the auger. These were removed by running water into
the hole and pumping out through a suction hose resting on the
bottom of the borehole until the return water became clean. As
evidenced by the initial sections of the load/settlement curves,
which indicate very little if any bedding error, the precautions
appear to be generally satisfactory. Loading sequences included
cyclic incremental and constant rate of penetration stages.
The limitations of such tests are the difficulties
associated with ensuring that the ground is undisturbed and
remains representative. Further, that the scale of the test is
commensurate with the scale of the chalk structure. Flints
remain a continuous hazard. Nevertheless, the tests do provide
a more realistic basis for the evaluation of bearing capacity
for foundation design than say dynamic penetration tests or
laboratory tests on small diameter specimens.
4.5.2.4. Pressuremeter Tests
The Menard Pressuremeter has been used at a number of sites
by N. B. Hobbs* (personal communication) but the only published
results occur in a lengthy contribution to the discussion in
Hobbs (1970).
* Hobbs is a director of Rock Mechanics Limited. Until recently
this company held the exclusive rights to this apparatus in
the U.K.
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A description of the test as applied to soft rocks, is given
by Hobbs and Dixon (1970). See also Fig. 4.5. Essentially the
test comprises a cylindrical loading test on the walls of a
small diameter AX, BX, or NX size drillhole (50 to 76 mm diameter).
From the test, it is possible to determine the ambient earth
pressure (Po) at the test level, the ultimate bearing capacity
(PL) and an elastic modulus (Ep) for the ground.
In fractured rock it is customary to carry out a cyclic
loading sequence within the elastic stress range and obtain a
reloading modulus (E+). At each increment load, values (change
in volume of the load cell) are recorded at 30 and 120 seconds.
The first is designated initial deformation and the latter the
creep deformation. The creep volume change within pseudo elastic
phase is sensibly constant but rises sharply in the plastic phase.
There is evidence which suggests that the point (Pf) at which
there is a change of slope can be equated with maximum pre-
consolidation pressure of the material and that in turn, this is
about half the limit pressure. Thus, in strong materials where
the limit pressure cannot be reached, due to the limitations
imposed by the apparatus, it is possible to predict the limit
pressure with reasonable accuracy.
The main difficulties with the pressuremeter test are:
(i) The results obtained are very sensitive to the
method of borehole construction and it is difficult
to avoid disturbance of the ground.
(ii) The test section of the probe is small and thus,
the volume of ground tested is small.
(iii) It is seldom possible to relate the rock
structure dimensions to the size of the probe.
(iv) Hard rock projections (e.g. flints) easily
damage the test probe or cause anomalous
values to be obtained.
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(v) The test can only be carried out normal to the
direction of the drillhole, which is usually
orientated vertically. Therefore, it is the
properties in the horizontal direction that
are measured.
(vi) The apparatus only functions satisfactorily
in materials where the strain under load is
small.
In chalk, it has been found that the test is difficult to
effect and interpret and only by taking reloading curves from
selected tests can a correlation be obtained with other data.
As in the marl, Hobbs and Dixon (1970), the test is probably
best used in chalk as a qualitative index test to delineate
changes, e.g. zones of weathering, rather than quantitively to
provide absolute values.
4.2.2.5. Permeability Tests
Permeability testing can take the form of simple rising or
falling head tests or more sophisticated pumping or pumping out
tests. As is well known and will be shown later, the permeability
-6 -7of intact chalk is very low, 10 to 10 cm/sec or less. As
in most rocks, it is the secondary or fissure permeability which
is the dominant factor. In general, a test procedure which
encourages self cleansing is preferable, that is, where the flow
is from the ground into the test borehole or shaft. This pOint
is well illustrated by two tests for soakaways carried out by the
writer in Berkshire. A 100 mm diameter hole was drilled 3 m into
clean chalk and a lining tube sealed into the hole through the
superficial soils. A constant head monitored water supply was
provided and the test was intended to continue for 24 hours
uninterrupted. After about 14 hours in the first test, the hole
was found to contain nearly 1.7 m of chalk slurry and in the
second test 0.3 m of slurry accumulated in about 5 hours. In
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both cases the holes had been flushed clean until the flushing
water return was colourless. Clearly, the holes were silting up
and the tests were valueless.
Muir Wood (1970) carried out a comparison between pumping in
(packer) test and pumping out tests in a variety of chalk rocks.
He found that 70% of a large number of tests gave permeability
values larger, by a factor of 0.5 to 2.0, than the pumping in
values whilst the remainder were similar. However, the writer
has found considerable difficulty in obtaining a satisfactory
seal in anything except hard, sound, massively bedded chalk when
carrying out permeability or water acceptance tests for grouting
purposes. Leakage around the packers is likely to lead to even
greater errors in the computed permeability and would accentuate
the difficulties between the two main test techniques. Therefore,
a pumping out or rising head test procedure is recommended when
making tests in chalk.
4.5.3. Tests in Pits and Shafts
4.5.3.1. Large Diameter Plate Bearing Tests
Bearing tests with plates up to 3 ft diameter to determine
bearing capacity or more probably, the load/deformation behaviour
of the chalk are the most probable requirement. Many such tests
have been carried out in pits by the author, some of which are
reported in Lake and Simons (1970 and 1974). Burland and Lord
(1970) have reported on tests in deep shafts.
The greatest problems are undoubtedly associated with
preventing disturbance to the ground and in preparing a surface
for the test plates. Both are vital to a meaningful result.
In general it has been the writer's practice to obtain as clean
a surface as possible and then to obtain a smooth, flat surface
for testing by applying a suitable liquid mortar. By contrast,
Burland prefers to grind down the surface as flat as possible
and then apply a mortar. In both cases, this is by far the most
time-consuming part of the test preparation.
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Great importance is attached to ensuring that the
dimensions of the test plate (or test area) are commensurate with
the scale of the rock structure. This subject will be
considered in detail later.
Care should be exercised in locating the reaction, whether
it be from tension plates, anchors or kentledge. When possible,
the writer prefers the latter, since the supports can be
located sufficiently far from the test area to ensure negligible
effect. With anchors or tension piles there is always some doubt
as to their possible effect on the ground and on the tests.
Finally, an independent means of measuring displacement is
advisable. The writer, commonly employs three or four 0.0001 inch
micrometers mounted on a special framework as the primary means of
measurement; the secondary means may comprise a simple
armature moving over a millimetre scale or a precise level. Both
are of second order accuracy but the latter has the merit that it
can be placed well clear of the test area.
4.5.3.2. Direct Shear Tests
Although, theoretically, there might be a need for large
scale shear test, in practice this is most unlikely to arise.
As will be shown later, the angle of shearing resistance for
white Upper and Middle Chalk is remarkably consistent, with only
a small reduction from the peak to the residual value. Further,
it is the load/displacement characteristics which are dominant in
real engineering problems. Consequently, there is little.
justification and no established need for such tests.
4.6. Laboratory Testing
The procedures adopted for laboratory testing have
generally been in accordance with those laid down in the British
Standard 1377:(1961) Methods of Testing Soils for Civil
Engineering Purposes. For triaxial testing, the procedures given
in Bishop and Henkel (1962) have normally been followed. At
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various times a full range of tests have been carried out or
attempted and, in view of the above statements, it is not
proposed to describe the tests in detail. However, mention will
be made of any special difficulties met or modifications to
preparation or test procedures that have been made.
4.6.1. Compaction Tests
This test must be matched to the method of excavation and
placing likely to apply in the field. For example, with face
shovel excavation, larger intact chalk fragments will be
present than with scraper excavation. In the former case, chalk
lumps of permitted size are more representative, therefore, than
finely broken or completely degraded material. Further, difficulty
can be experienced in compacting chalk, especially in the latter
condition, because it tends to pass to a putty-like condition.
The relevance of light compaction effort is self evident in these
circumstances. In all cases, it is essential to use a fresh
sample of chalk for each stage of the test.
4.6.2. California Bearing Ratio Tests
Compaction in preparation for testing causes disaggregation
of the chalk and in extreme cases, especially with heavy
compactive effort, the high pore pressure leads to the formation
of an unstable test sample. Sufficient time should elapse,
therefore, to enable the soil to come to equilibrium before
carrying out the actual bearing test.
Where fractured virgin chalk was likely to form the
pavement subgrade, the writer commonly carried out a modified
CBR test, using a standard 100 mm open drive core sample reduced
to the correct length. For this purpose, the core was placed
centrally in a CBR mould and the remaining annulus filled with
compacted chalkj.the test then proceeded as standard. The CBR
values obtained by this method were much more in accord with
insitu test values.
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4.6.3. Triaxial Compression Testing
In general, large test specimens are to be preferred since
more intact chalk was likely to be present and less alteration
product. In the closely fractured material, 100 mm diameter
specimens are more likely to be representative than 36 mm
specimens, which may be completely intact or dominated by a
single fracture.
A major departure from standard triaxial testing arose in
connection with the drainage conditions for certain tests. In
the first instance, 2 or 3 minutes under the nominated confining'
pressure before shearing was found to reduce the number of
obviously unrepresentative low measured strengths that were
otherwise measured. Secondly, although a rate of strain
appropriate to a standard quick undrained test was used, porous
end caps were used and the drainage taps left open. To this
test the name "immediate drainable triaxial compression test" has
been applied. As will be shown later, this procedure can be
justified theoretically and appears to model real behaviour.
However, its use is not recommended.
The advent and widespread use of the multistage triaxial
testing has occurred during the period that the writer has been
working on this subject. Maximising the use of a single test
specimen and removing the variable produced by testing three
separate specimens has considerable merit.
In connection with effective stress triaxial testing there
has sometimes been apparent difficulty in achieving full
saturation. A back pressure technique has always been employed
but the application of pressure increments totalling over 100 Ib/
sq in have been necessary before a B value of 0.95 has been
obtained. This raises practical problems because of limitations
on the pressure capacity of most laboratory apparatus. The
phrase "apparent difficulty" has been used deliberately, since
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volume change measurements have not substantiated water intake
into the test specimens following the initial application of a
pressure increment. It is inferred that the rigid structure of
intact chalk modifies the pore water pressure response to a
change in all round pressure. In some tests, the pressure reached
in attempting to ensure full saturation were so high that there
was insufficient capacity in the apparatus to carry out tests under
a range of pressures. Under these conditions, the confining and
back pressure were reduced to 30 lb/sq in, but maintaining I to
2 lb/sq in differential. It was considered that this would be
sufficient to maintain any pore air in solution whilst enabling
the required range of test pressure to be used.
Preparation of intact specimens from block samples were
carried out on a fiand lathe, special care being taken to produce
flat, parallel ends.
4.7. Observations on Full Scale Structures
To conclude this section on the investigation of ground
conditions in chalk areas, it is appropriate to mention
"observations on actual structures". Clearly, full details of
the design, construction and quantitative performance of
buildings would be the ideal. However, this is rarely possible
for a variety of reasons; time and cost are not the least of the
problems. However, even a qualitative assessment can be valuable.
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5. HISTORICAL REVIEW OF PUBLISHED INFORMATION ON THE ENGINEERING
PROPERTIES OF CHALK
The earliest reference found was published in 1948 by
Guthlac Wilson (1948). He distinguished two types of chalk from
a site in Norwich with the following shear strength characteris-
tics:
cu 2
0 Failure Strain(tons/ft )
Medium Chalk 0.75 260 0.017-0.04
Soft Chalk 0.25 180 0.016-0.05
The water contents after tests were as much as 3% lower than
before the test, which were supposedly undrained. Specific
gravities of 2.78 are quoted. From the descriptions, the material
tested was almost certainly contaminated soliflucted chalk. The
reliability and accuracy of these tests must be questioned.
Cassel (1953) included some results in a discussion dealing
with the settlement of piles founded in chalk and subsequently
(1957) he enlarged on the aspect of measurement of the properties.
The following figures are of interest:
Liquid Limit 29-34%
Plastic Limit 25-29%
Plasticity Index 2-5%
Bulk density 114-130 lb/ft3
Dry density 87-103 1b/ft3
Coefficient of volume decrease mv: 0.0075-0.0035 ft2/ton
Coefficient of consolidation c .v' 1535-711 x 10-
4
(no units quoted but presume in2/yr)
He commented particularly upon the fact that the natural
water contents are usually very close to or slightly above the
liquid limit.
It seems probable that most of the chalks tested were of the
rubble type and Cassel pointed out that the water content of the
hard pieces was frequently higher than that of the softer matrix.
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He deduced that the water content had very little relevance on
the properties of the chalk.
At about the same time, the DSIR publication "Soil Mechanics
for Road Engineers" RRL (1953) appeared and this contained some'
useful information on chalk related to soil suction,compaction and
chalk embankments. Reference to the former has already been made.
Probably the most useful of the early papers was that
published by Meigh and Early (1957). All the laboratory tests
were carried out on intact chalk specimens obtained from block
samples taken from a selection of quarries in the south east of
England. Unfortunately, many of the tests were made under very
high confining pressures beyond the normal engineering range.
It is believed that this could have caused structural alteration
to the chalk fabric and consequently, could have greatly modified
the results. This matter will be discussed later.
At the Paris conference F10rentin et al (1961) produced a
paper dealing essentially with pile foundations taken to the Chalk
in the Paris Basin. The chalk to which they referred appeared
to be of the marly variety, similar to that encountered in the
English Lower Chalk, and it not, therefore, strictly relevant to
the present account. The results of Static Penetration and Pile
Loading tests are included.
In the same year, an account of the foundations for a
proton synchrotron at Harwell, was published by Rossiter and
Brown (1961) which gave details of some in-situ tests. The
discussion of this paper included additional data on chalk from
Newbury, provided by Wake1ing (1962). He appears to have been
the first worker to study the chalk in terms of consolidated
undrained and effective stresses at operational stress levels.
By 1962 there was increasing concern amongst British
Engineers over the question of chalk and its engineering behaviour
and an informal meeting was arranged by the British Geotechnical
Society on "Chalk in earthworks and foundations". Introductory
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notes were prepared by Toms (1962) and included were the results
of standard penetration tests, index properties, undrained
triaxial compression and consolidation tests. The results were
mostly in summary form, sometimes incomplete and could not
readily be re-interpreted or correlated.
An interesting paper was published in the Montreal
Conference by Debaille and Ghiste (1965). They reported upon
static penetration carried out in the field and a comprehensive
programme of standard laboratory tests on chalk from the
Campanian and Maestrichtian zones. A whole series of novel
correlations are given, for example between 0 obtained from
field penetration tests and laboratory triaxial tests. However,
careful study shows a judicious choice of scale and that the
number of pOints plotted in related graphs ranges from 13 to 18
in number. It is probably fair to say that they established a
number of trends but not correlations.
Also in the Montreal Conference, Aisenstein (1965) published
a paper relating to slope stability of chalk rocks in Israel.
He described how weathering and "deconsolidation" produces three
variable thickness zones in the chalk. His problem was to locate
the junction of the second and third layer because this was the
common zone of detachment along which slopes failed. Drilling
methods proved unreliable so that trial pits were generally used.
However, considerable success in differentiating the three zones
was achieved using shallow seismic apparatus (of the portable-
hammer type).
The following seismic velocities were quoted:
Zone 1 Nari (zone of secondary
carbonate deposition)
Deconsolidated rock
(heavily fractured chalk)
Sound chalk
300-600 m/sec
Zone 2
up to 1000 m/sec
Zone 3 2-3000 m/sec
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Aisenstein was joint author with Wiseman and Levy (1966) of
a paper to the first International Rock Mechanics Congress. They
reported tests on chalk of Cenomanian age. The test specimens were
either air dried or soaked before testing which comprised
unconfined triaxial compression and tensile tests. Some rather
dubious corrections were made to the results in order to obtain
the effective shear strength parameters although they apparently
made no attempt to measure pore pressures. The paper is
preoccupied in establishing the validity of the Griffiths failure
hypothesis as opposed to the Mohr-Coulomb criterion but some
observations in the paper concerning the mode of failure are of
interest.
Failure occurred by:
vertical splitting in unconfined compression tests;
inclined shear planes in triaxial specimens subject to
confining pressures up to 50 kg/cm2
and by bulging in triaxial specimens subject to
confining pressures of 100 kg/cm2
A major advance took place in 1965 when the Institution of
Civil Engineers organised a one day symposium entitled 'Chalk in
Earthworks and Foundations', ICE (1965). The proceedings were
published a year later and brought together a lot of factual
information. In particular, Higginbottom (1965) provided a
useful account of the geology and the basic index properties of
chalk whilst Wakeling (1965) attempted to give guidance on
foundation design. To the present time, this symposium has
provided the basic data reference. However, after listening to
and later reading the written contributions, it was clear that a
very wide gulf remained between the geotechnical and the general
construction engineers in their understanding of the nature and
behaviour of chalk. In particular, the distinction between virgin
and derived chalk deposits, Lake (1965) and the manner in which
varieties of chalk Were produced artificially was not appreciated;
the discussers referred in the main to an unspecified 'soft chalk'.
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Between 1966 and 1968 Ward et al (1968) carried out a very
sophisticated study at Mundford, Norfolk, for a large proton
accelerator. This was to be founded in the lower part of the
Upper and top of the Middle Chalk formations; extremely exacting
deformation and stability requirements were specified for the
apparatus. A number of papers on this work were published during
the following two years, describing the study in some detail;
references Ward (1968) and Burland (1970). Some account of the
investigation, which included a detailed geological survey using
boreholes and shafts, in-situ plate tests and a large scale water
tank test, has been given earlier. A special feature of the study
was the very accurate monitoring instrumentation which
facilitated measurements of vertical and lateral strain'
displacements. Despite the most careful preparation and
attention to detail, the investigation which cost in excess of
£250,000 had serious shortcomings. Firstly, the published data
for the tank test only gave the results of the reloading (i.e.
2nd filling) and the stress level attained (1.8 kg/cm2) was
far below that relevant to the project in particular (4 kg/cm2)
and foundation design in general. It was noticeable too, that
agreement between plate and tank tests. was only obtained by
adopting a reloading modulus and that laboratory modulus tests
were grossly in error. Further, about 68% of the measured
settlement took place within Grade V chalk, where only one plate
test was carried out. Consequently, the apparent agreement
between predicted and measured ground displacement could have
been more fortuitous than was first supposed, especially in view
of the very small initial movements recorded of less than 2.5 mm.
In most real situations, there is no possibility of preloading,
and settlement will inevitably include that due to re-imposition
of stress, general ground 'disturbance' due to constructional
activities, as well as that resulting from the net increase in
ground loading.
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At the same conference, Wake1ing (1970) produced the
results from some standard commercial type investigations
including one from the Mundford site. He concluded, quite
reasonably, that it was possible to generate sufficient
confidence from simple standard site investigation techniques
to produce a viable basis for general foundation design. However,
the production of settlement design curves was both presumptive
and possibly dangerous in view of the considerable additional
data that was becoming available.
Lake and and Simons (1970) also published a paper in this
conference which included the results of plate tests in boreholes
and pits as well as the results of standard laboratory tests.
These tests demonstrated the high load carrying potential of chalk
and also the significance of plate size on the deduced ground
modulus.
In the discussion on all three of these papers presented
to the BGS conference, Hobbs (1969) included results of
pressuremeter tests made at Mundford. These showed a measure
of agreement between the reloading modulus Ey of Burland and
+the E of Hobbs. However, having seen the original results, it
is the writer's view that the agreement is more apparent than
real, the results of many tests being neglected.
The Ground Engineering conference in 1970 organised by the
Institution of Civil Engineers, include a very valuable paper
by Littlejohn (1970). His subject was Soil Anchors and he
dealt briefly with anchors in chalk. The qualitative value of
the standard penetration test as an adjunct to anchor design was
stressed. This represented the first authenticated results of
test anchors in chalk.
A few months later, ICE organised another conference
entitled 'The Behaviour of Piles', which was held in London during
September 1970.
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Meigh (1970) gave the results of some pile loading tests,
deriving both friction and end bearing values of cased piles
founded in chalk. Meigh's paper invoked a written contribution
to the discussion by Fawcett (1970) who gave the results of
pile tests from the Welford Theale contract for the M4 motorway.
To design the piles Fawcett used the data produced by the writer,
Lake and Simons (1970), and found the predicted performance to be
very accurate. The results of these and further tests were
subsequently acquired by the writer from Consulting Engineers and
will be discussed in detail later in connection with pile
foundations.
The Roscoe Memorial Symposium held at Cambridge in March 1971
included two papers dealing with chalk. That by Hodges and Pink
(1971) has been mentioned earlier; it is concerned primarily with
the use of static penetrometer soundings in generally weak
re-deposited or highly weathered chalks. The technical case for
using this method of investigation is not made but the research
produced some additional field data of interest, in particular,
adhesion values from model steel pile pulling tests.
Slope stability formed the subject of a second paper in
which Hutchinson (1971) gave an interesting account and analysis
of a chalk sea cliff fall. It is important to note that
Hutchinson dealt exclusively with marine cliffs subject to both
toe scour and beach erosion. This contrasts with the acknowledged
stability of high vertical chalk faces in inland situation and
which has received numerous comments in the past. However,
Hutchinson made reference to a land form study in the south and
east of England that indicated maximum stable angle of
o 0(indifferentiated) chalk slopes lies between 29 and 33 .
Gradients exceeding the latter angle were reported to show
increasing evidence of instability. In the writer's view this
observation is misleading, since the geomorphological study has
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probably identified mantle creep movements and not true slope
failure. Solifluction flows on slopes as flat as 20, Weeks (1969),
represents the extreme of this condition. Further, the pore
water pressure regime in a cliff type geometry will normally be
very different from that found in a chalk down land situation and
this alone makes a direct comparison of questionable standing.
Despite this criticism, Hutchinson has attempted to develop a
realistic failure model and basis of analysis for chalk slopes
which shows considerable promise.
A short practical paper relating to the design of piled
foundation in chalk was published by Kee and Clapham (1971).
This work was essentially a reassessment of work and proposals
already put forward by Wakeling (1965 and 1970).
The most recent publications were presented to the
Settlement of Structures conference held at Cambridge in April 1974:
although the proceedings were not available until April 1975.
Three papers dealt specifically with chalk and all included
observations on the settlement of real structures. Those by
Burland, Kee and Burford (1974) and Kee, Parker and Wehrle (1974)
were purely factual papers and presented information related to
a raft and piled foundation respectively. The third paper by
Lake and Simons (1974) included field and laboratory test data
which was related to measured settlements on a four storey
building carried on independent footings.
All the foregoing papers were included in the Session on
Rocks, which in the event, was primarily given over to soft rocks.
Hobbs (1974) in his state of the art paper also concentrated upon
soft rocks. In particular, be examined the errors associated
with the use of elastic theory in predicting the behaviour of
rocks, the effects of fracture on the deformability of rock masses
and the current methods used to predict settlement. His principal
conclusion was that errors arising from the limited relevance of
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elastic theory ('misuse') are far outweighed by those arising
from our inability to determine the deformability of rock in the
mass with comparable accuracy.
In the discussion on the papers, some additional data on
chalk was produced. Of particular interest are creep observations
by Burland and a test on an instrumented pile reported by
Sliwinski and Vickery.
6. PRESENTATION AND DISCUSSION
OF LABORATORY TEST DATA
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6. PRESENTATION A~D DISCUSSION OF LABORATORY TEST DATA
It is considered necessary to restate that most of the
writer's test data have been obtained in the course of normal
commercial investigations or study programmes. Most of the samples
will have been taken with standard open drive sampling equipment
which inevitably, will have resulted in sample selection. This
arises from the inability of such equipment to retain some of the
weakest chalk materials, especially below the water table. At the
opposite end of the scale, it is often impossible to drive the
sampling tube into the hardest varieties of chalk. There is a
third condition, whereby the chalk is moderately strong but also
brittle; such material tends to break up and become unsuitable
for testing. Although the undoubted quality of such chalk can be
verified by inspection, quantitative confirmation will not be
available. Further, there is the inevitable disturbance resulting
from the presence of flints. Direct disturbance may occur because
the sampling device encounters a flint whilst being driven or
indirectly, because heavy plant has been used to break out a
flint above the sample level. The latter is more difficult to
detect but, there is no doubt that chalk can be disturbed a
distance equivalent to several diameters ahead of the level
actually reached by a borehole. Because flints tend to occur in
bands and the interval between bands can be quite small, the
problem can be compounded and extensive unsampled zones may arise
within a borehole or group of boreholes.
In practice, it is the failure to obtain good samples of
the better varieties of chalk which is the more problematic,
since these are the materials in which foundations are most
likely to be located. However, in the context of the present
discussion, it would seem unlikely that such omissions will
invalidate the general values and conclusions drawn, although
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much of the broad scatter of results may in part result from
sampling limitations.
Also, it should be stated that although very high testing
standards have been maintained, consistent with the appropriate
Codes of Practice and good commercial practice, few of the tests
could truly be called research tests. The main exceptions to this
relate to the effective stress triaxial and shear box testing,
dissipation and some consolidation testing, especially those
made on specimens prepared by the writer from block samples. The
majority of the field testing was carried out by the writer
personally except those for the North Orbital Road project, which
were carried out by others but under close personal control.
The name, location and nature of the main projects from
which test data has been collected is given in Appendix 1.
As far as possible in the following account, it is intended
to consider the properties of chalk from the stand-point of
individual tests. Subsequently a general review will be attempted,
bringing together all the evidence and arguments.
6.1. Chalk Chemistry
The Upper Cretaceous Chalks of Europe and North America
typically comprise 97 to 98% calcium carbonate, Black (1957),
the remaining 2 to 3% of acid insolu ..ble residue consisting
largely of silica grains and clay minerals. Locally, bands of
clay rich chalk occur, characterised by a grey colouration.
A detailed chemical analysis produced by Heath (ICE 1965)
gave the following results:-
Total
%
40.7
3.5
0.5
0.3
53.6
0.9
0.04
99.5
Loss on ignition
Silica
Alumina
Iron oxide
Calcium oxide
Magnesium oxide
Sulphates (as 803)
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Heating calcium carbonate to 5500C causes a reversible
dissocation as follows:-
Ca C03 -- CaO +
and, because the reaction is reversible, the carbon dioxide
is removed by a current of air. Using the molecular weights:-
Ca = 40.08
12.01C =
o 16.00
it can be shown that 53.6% calcium oxide should produce 42.0%
loss from carbon dioxide. Clearly, the analysis has given values
of the correct order, but there are small discrepancies.
Although, Heath claimed the sample to be of white chalk and
by inference uncontaminated material, most of his test samples
appeared to contain traces of clay. Thus, whilst his results
are essentially consistent with general expectations, the above
average proportions of impurity suggests that this sample too was
not virgin chalk.
6.2. Index Properties
Determinations of specific gravity have given values between
2.65 and 2.74, the majority falling between 2.69 and 2.72. Since
the specific gravity of crystalline calcium carbonate is 2.71 and
this represents in excess of 97% by weight of white chalk,
significant deviations from this value are most unlikely. There-
fore, where calculations require the use of the specific gravities,
to derive other indices for example, it is the value of 2.71 which
has been used.
Natural water content, bulk and dry densities have been
measured on over 650 samples. The results have been plotted in
histograms, Figures 6.1, 6.2, 6.3 and are summarised below:
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Total Range Normal Range Peaking
Water content % 10 - 39 20 - 34 25 - 31
Bulk density (lb/ft3) 95 - 140 110 - 135 115 - 130
Dry density (lb/ft3) 75 - 120 85 - 110 87 - 105
Inspection of the data shows that the samples from the Hemel
Hempstead site exhibit a generally consistent variation from the
remainder, with higher water contents and lower densities. This
is attributed to the fact that the chalk in this area is higher
in the Upper Chalk sequence than at most of the other sites but
more importantly, the material has been subject to severe frost
action. The data from the North Orbital Road project exhibits a
similar but not so pronounced variation.
The porosity, void ratio and degree of saturation have been
calculated from the foregoing values and have the following
distribution:-
Total Range Normal Range
Void Ratio
Porosity
Degree of Saturation
0.45 - 1.10
0.32 - 0.52
0.79 - 1.00
0.55 - 0.92
0.35 - 0.50
0.95 - 1.00
All the foregoing values accord well with the data produced
by Higginbottom (1965)
Noteworthy amongst the values given above are the low dry
densities and correspondingly high water contents and porosities,
which are totally out of keeping with a formation of such
geological antiquity. This may be due to the presence of hollow
coccoliths in the chalk and/or the complex shape of the
constituent particles, which may be mechanically interlocked or
cemented at intergranular boundaries. Cementation by pressure
solution, precipitation or by capillary attraction are pos-
~l
sibilities. A relatively rigid skeleton may result, a condition
which may also be significant to an understanding of other
unusual behaviour patterns; for example, see the later section on
porewater pressure response and dissipation.
Atterberg limit tests are not carried out very frequently,
because the test is not readily effected and the results are of
little practical value. Further, the natural water content is
typically close to the liquid limit and the plasticity index is
commonly very small; consequently, the values fall around and
near to the origin of the A-line on the Casagr~de Classification
Chart.
For general information, limits determined by the writer
and some obtained from other sources are given below:-
Site Natural Liquid Plastic Plasticity
and/or Water Limit Limit Index
Source Content
% % % %
Welford/Theale 28 29 24 5
(Author) 22 31 21 10
28 32 23 9
27 30 21 9
Cassel (1953) 29-34 25-29 2-5
Toms (1962) 26 22 4
19 19 0
19 18 1
27 21 6
26 21 5
24 20 4
Hutchinson (1971) 29 31 23 8
Note: Hutchinsons results are the average of five tests.
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The above results are plotted on a Casagr~e plasticity
chart, Fig. 6.4 where the close grouping around the A line is
clearly shown. Such a distribution classifies the disaggregated
chalk as a CL or ML soil and thus, as a silt or clayey silt,
which is consistent with the particle size distribution
characteristics described earlier (Fig. 2.3).
6.3. Compaction Characteristics
The density/moisture relationship of chalk has been
determined using the British Standard Compaction Test; BS1377:
1961 Test 10. Because most chalks are rendered untrafficable
by heavy or overcompaction, tests have always been effected
using the standard compactive effort using fresh material for
each stage of every test.
Typical density/moisture relationship curves for chalk are
shown on Fig. 6.5 and the points denoting maximum dry density
and optimum water content for thirty seven tests are plotted on
Fig. 6.6; air voids lines have been computed for a specific
gravity of 2.71.
The results of the tests are summarised below:-
Total Range Normal Range Peaking
Maximum dry density
lb/ft3 94 - 110 100 - 106 100 - 106
Optimum water content % 13 - 27 16 - 24 19 - 23
Degree of compaction % 87 - 98 92 - 97 94 - 97
Only rarely is the in-situ water content similar to the
optimum value, usually it is somewhat greater as Fig. 6.7 shows.
In most cases the difference is between 2 and 6% but a number of
tests increase this range to around 10%.
The foregoing information has been incorporated in a bar
diagram Fig. 6.8, indicating the total, normal and peak ranges
of liquid limit, natural and optimum water contents, together
with the maximum and natural dry densities. This diagram
illustrates the close association between the liquid limit and
natural water content and the generally lower optimum water
content value. On this evidence alone, difficulty in compaction
would be anticipated, as with any fine grained soil having a
water content close to the liquid limit. In practice, given
reasonable care and attention in the field, it is found that
only the chalks with natural water contents exceeding about 30%
are troublesome. Excavation by face shovel (or similar) and
light compaction with a smooth wheeled (non vibratory) roller
has been found to give the desired result. Scraper excavation
and heavy compaction plant, even without wet climatic conditions,
readily reduces the chalk to a slurry and sets up excess pore-
water pressures which in turn, causes mattressing and renders
the fill untrafficable.
Comparing these test results with those produced by
Lewis and Croney (1965) from the Buckle By-Pass, it is found
that the degree of compaction achieved is similar in both cases
but that the test densities are higher and more in accord with
their vibratory compaction results. However, comparing the test
results with the field compaction trials and control data from
the High Wycombe By-Pass provided by Heath (I.C.E. (1965», the
agreement is remarkably close. In this connection, it is
apparent that Heath has combined the results for clean chalk
and chalk contaminated with clay and that he makes no dis-
tinction nor expects any difference in the results. In the
writer's analysis, the comparison is made with the uncontaminated
material only.
Referring back to Fig. 6.8, and the density ranges, it will
be observed that the maximum dry densities fall conSistently
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towards the upper end of the range of natural dry densities.
Taking the mean values a net increase in density of around 6%
is indicated. This too is consistent with field experience,
where a zero to 10% reduction in the as dug volume commonly
occurs. The reduction is attributed to a breaking down of the
skeletal structure and further comminution of the constituent
coccolith particles. A study carried out by Parsons (1967) on
road works in High Wycombe, Buckinghamshire and Baldock,
Hertfordshire, indicated a volume reduction between 10 and 13%
6.4. California Bearing Ratio
Three types of tests have been carried out -
(a) In-situ field tests;
(b) Laboratory tests on material remoulded at natural water
content with standard compactive effort;
(c) 'Natural' tests, on open drive samples - see Section 4.6.2.
Both (a) and (b) were made in accordance with the procedure
described in RRL 1953 and Road Note 29, Ministry of Transport
(1965). A surcharge load of 50 lbs was used throughout, this
being equivalent to about a 20 inch thickness of road construction.
Results from a variety of sites have been collected and
are summarised in Table 6.1.
The CBR test is essentially a small rigid plate loading
test, carried out under standardised conditions, including a
fixed strain rate of 0.05 inches per minute. Three factors
which should have a major effect upon the CBR value obtained
are, the strength, density and water content of the material
tested. Since density and water content should also have major
influence on strength it should be sufficient, at least initially,
to examine the relationships between the CBR, density and water
content.
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Figure 6.9 (a) and (b) show CBR plotted against dry
density for remoulded and natural material respectively. In
both cases trends are apparent pointing to a general increase
in CBR with density. With the data available however, the
correlations are not considered significant. Especially in
Fig. 6.9 (b), the broad variation in CBR over a density range
3of between 73 and 103 lb/ft suggests a marked insensitivity,
a feature which is also found in relation to the strength
properties of chalk.
Figure 6.10 (a), (b) and (c) show CBR against test water
content for in-situ, natural and remoulded test conditions
respectively. The scatter on each diagram is again wide, although
an interpretation indicating a non linear decrease in CBR with
increasing water content, does appear to be justified. The
similarity in the form of all three curves is a striking feature.
The tentative interpretation from Fig. 6.10 (a), (b) and (c) have
been combined in Fig. 6.10 (d) and imply that a similar relation-
ship applies for both the in-situ and remoulded values, whilst
the curve for the 'natural' test is appreciably higher. However,
the procedure for the 'natural' tests should ensure that the
fragments of intact chalk become tightly packed and at least the
larger discontinuity spaces are closed. Thus, the cohesive
strength of the chalk material under test could become effective.
Reference to Fig. 6.10 (a) shows a number of results which are
located above the mean line drawn and which straddle the natural
test line. From the field descriptions, these probably represent
naturally occuring tight ground and therefore, would be comparable
with the situation established in the natural tests. Nevertheless,
two problems remain,
(i) can tight ground be ensured in-situ and
(ii) can a small 2 inch diameter test plate provide a
realistic guide to the behaviour of a material which
86
is composed of discrete fragments commonly as large
and usually many times larger than the plate?
The answer to the latter point must be in the negative and the
justification for this response will be brought out later when
the results of full scale plate bearing tests are discussed. The
answer to the first problem is in the affirmative, but with a
qualification. Construction procedures inevitably involve com-
paction due to the passage of plant, stripping, grading and
laying the road pavement. Thus, the surface chalk will normally
be broken down and disaggregated to varying degrees. Consequently,
with the softer chalks, a compact reconstituted layer of chalk is
likely to form whilst with the stronger chalks, the interstices
are liable to become filled with chalk dust and/or paste. In
both conditions the thickness of the affected zone, especially
when covered by a pavement, should be sufficient to ensure that
a tight stable condition applies in practice. Therefore, for
design purposes, it is considered that a minimum CBR value of 10%
could be assumed, which would apply to chalks with water contents
up to about 32%. Chalks wetter than this would not form the sub-
grade to major roads; such material would either be removed or
improved by drying or, might be stabilised with cement, pulverised
fuel ash (PFA) or other similar material. Theoretically, an
appropriately high CBR could be applied to the harder low water
content chalks. However, the frost susceptibility of chalk makes
it necessary to provide a minimum thickness of cover, usually
considered to be about 20 inches in the climatic conditions
applicable to the United Kingdom. Relating this to the pavement
design thickness set out in Road Note 29, it is found that this
corresponds to an assumed CBR of only 5.5%*. Consequently, from
Note:* The 3rd Edition of Road Note 29 has revised the basis for
pavement design and in general, requires even greater construction
thickness than the ea~lier Note.
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the practical standpoint, the discussion becomes rather academic.
Road pavements are essentially impermeable membranes whilst
rail tracks are generally provided with permeable crushed rock
ballast. Further, the stress concentration and prolonged pul-
sating dynamic loading imposed by railroads induce a rather
different set of loading conditions. In this connection, it is
of interest to note that Toms (1965) has found from field and
laboratory tests that a 20 inch ballast thickness is adequate to
prevent "pumping" of the chalk. Pumping results from crushing
and disaggregation of the chalk which, with high porewater pres-
sures, causes the resultant chalk paste to rise up through the
track ballast; eventually track failure results. However, to
prevent this condition, proper drainage of the track subgrade
is essential and the one instance of pumping failure reported
by Toms, occurred where chalk fill had been placed on a clay
subgrade.
The pumping mechanism is clearly comparable with the
mattressing effect produced by overcompaction in embankment con-
struction and could provide a useful line of research. The stress
levels needed to cause disaggregation and the effect of repeated
loading, at various stress levels, could produce a reasonable
insight into the structure and behaviour of chalk.
6.5. Permeability
Particle size determinations of chalk material has shown
that 70 to 90% of the fine fraction fall within the fine silt to
coarse clay size; see Fig. 2.3. From particle size consider-
ations alone, a permeability of about 10-7cm/sec can be
predicted using the empirical relationship proposed by Hazen
(1892). However, this does not take into account the possible
open structure of chalk (deduced from the high porosity/low
density values) which could conceivably increase the permeability
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by an order of magnitude. This could certainly be consistent with
the "typical value" for intact chalk quoted by Higginbottom (1965)
-6of 10 cm/sec, which is understood to have been derived from
direct laboratory determinations.
Porewater pressure dissipation tests have been carried out
by the writer on 38mm by 76mm intact specimens, conventional 100mm
by 800mm open drive specimens and completely disaggregated chalk,
taken from the block used to obtain the intact specimens. The
latter were also 38mm by 76mm specimens. In all tests, saturation
was obtained using a back pressure technique in the triaxial test
apparatus. Permeability value k, was estimated from the
expression,
k =
where Coefficient of consolidation derived from
porewater pressure dissipation tests.
= Coefficient of volume decrease derived from
conventional oedometer tests on appropriate
material, i.e. intact ,fractured, remoulded
etc.
~w = Density of water.
On the intact specimens prepared from a block samples from
the Basingstoke site, the following results were obtained:-
Applied pressure lb/in2 30 60 90 120
Permeability - k
cm/sec x 10-6:
•
1.19 1.59 0.91 2.10
For net applied pressures of 30, 60 and 90 lb/in2 the
permeability is essentially constant, but there appears to be a
significant 2-fo1d increase at 120 1b/in2• The permeability of
the same material when disaggregated and recompacted to a similar
bulk density, was more sensitive to the applied pressure, but
still of a similar order:-
Applied pressure lb/in2 30 50 60 80 90
Permeability - k
cm/sec x 10-6: 0.23&
0.13
0.36 1.46 3.40 1.60
However, the dry densities of these remoulded test specimens
were somewhat higher than the natural density of the intact chalk,
but the permeability are only smaller at the lower pressures. At
2pressures of 60 lb/in and above, the values are of a similar
order. This apparent inconsistency could be attributed to the
breakdown of the coccoliths from their original cellular form,
thus allowing greater freedom of flow. If this view is correct,
then the increased density must act in a compensatory manner.
The results of the foregoing tests are summarised in
Table 6.2.
It is important to recognise that the measured and derived
permeability values discussed above relate to the permeability
of discrete chalk samples. The permeability of an in-situ chalk
mass is dominated by natural discontinuities, such as jOints,
fractures and bedding planes. Sometimes large discontinuities
giving exceptionally high water yields are encountered, but
under more typical condition, mass permeability values in the
order of 10-2 to 10-5 cm/sec have been measured. During work
for the Second Dartford Tunnel, the writer has carried out
packer and water yield tests to estimate permeability, as a
means of predicting grout takes and subsequently checking the
efficacy of the treatment. The pretreated values obtained fell
mainly around 10-3 to 10-4 cm/sec and subsequently, excavation
revealed that the discontinuities comprised mainly numerous fine
hair cracks, less than 0.2mm wide.
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6.6. Consolidation Characteristics
The value of standard consolidation (oedometer) tests to
predict the settlement behaviour of chalk under load has been a
contentious subject for many years. However, in the absence of
any other technique, and usually without the benefit of quan-
tified past experience, it at least had the merit that it appeared
to give a reasonable overestimate of settlement and therefore, it
was safe; Lake & Simons (1974).
All the tests carried out by the writer have used nominal
0.75 inch thick by 3.0 inch diameter specimens and Bishop type
lever arm consolidation presses. Every specimen ring was
numbered and the dimensions determined and checked with a micro-
meter at frequent intervals. Each machine was calibrated using
an appropriately dimensioned steel cylinder; the calibration was
repeated at intervals of about 3 months. Experience showed that
the insertion of filter papers between the test specimens and the
filter discs help prevent clogging, so that chemical cleansing
became a less frequent requirement. The machine calibration
correction, therefore, included for two filter papers.
Loading was by means of weights suspended from a lever arm
hanger and successive increments were generally double that of
the previous increment. Each increment was normally maintained
for a minimum of 24 hours and the only correction applied to the
measured deformation was that for the machine, as described
above. Deformations were measured with 0.0001 inch micrometer
gauges. In the initial stages, two operators were employed in
order to record the deformations at intervals of only a few
seconds.
The thickness of each specimen was determined before
starting the test with a micrometer, and the density and water
content of the chalk was obtained from the actual test specimen.
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Check water contents were made from shavings produced during
preparation of the test specimen.
The results of 51 standard tests carried out on specimens
prepared from open drive borehole samples are summarised in
Table 6.3. They represent seven different sites, some of which
extend over a wide area. Undoubtedly, the most striking aspect
of these results is the low compressibility indicated and the
relative uniformity of the measured values. Especially if the
North Orbital Road results are neglected, and these three tests
were made on very badly weathered and greatly disturbed chalk,
then the similarity is even more striking. This is well
illustrated by Table 6.4 in which the average my for a number of
pressure ranges has been determined for each site. Similar values
have been quoted by Wakeling (1965) and Toms (1962 and 1965).
To put the measured values in perspective, they represent a com-
pressibility between 5 and 20 times smaller than a typical stiff
London Clay.
Calculation of my has been based on the total vertical
deformation over a 24-hour period per load increment, generally
using the void ratio method of computation. Checks using the
direct change of height method of calculation have also been
made, with almost identical results. However, closer inspection
of the time settlement curves shows that settlement occurs very
rapidly and that secondary settlement in the classical Terzaghi
form, represents a significant part of the total. A further
complication is the marked curvature on the early part of the
time settlement curve. Certainly, when plotted on a natural root
time basis there is commonly an initial straight line portion,
perhaps representing up to 30% of the total compression, which
passes to the pronounced curved section mentioned above, and
then into the secondary compression phase. The difficulty of
interpretation can often be overcome, but not always, by
utilising the Casagrande log time/settlement plot. However, not
uncommonly, the settlement/log time curve plots as a continuous
straight line or occasionally, as a convex upward curve.
To investigate the magnitude of the three compression com-
ponents, the tests were re-analysed on the basis of an
(a) initial, (b) primary and (c) secondary consolidation stage.
Because a short time lag had been observed in the machine response
during calibration, and to cover the principal point of departure
from the first linear part of the curve, the end of the initial
stage was arbitrarily set at 4 seconds after the load application.
The primary stage was defined as the compression after 4 seconds
and extending to the best intersection given by the two tangents
in the Casagrande construction. All remaining compression that
occurred during the 24-hour increment was ascribed to secondary
consolidation. To investigate the question, two sets of data
were used, that from the Gravesend-Tilbury Crossing and that from
Basingstoke AA Building. The results of the analysis are
summarised in Table 6.5. Not all tests could be analysed in this
way however, and there is considerable variation between individual
tests. Nevertheless, it is surprising to see that primary consol-
idation accounts for only 37 to 50% of the total compression and
that 35 to 36% of the deformation classifies as secondary. The
initial consolidation comprised 15 to 27% of the total.
Table 6.4 shows that there is a gradual reduction in the
my value with increasing pressures, to a maximum pressure of
16 tons/ft2• At higher pressures, evidence from the Tilbury
results suggests that the compressibility is about the same or
may be slightly higher. However, the void ratio/log. pressure
curves commonly show a break of slope within the range 16 to
2 .24 tons/ft , possibly signifying the onset of structural alter-
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ation in the chalk fabric; some typical curves are plotted in
Figure 6.11.
Reference to the tests carried out by Lewis & Croney (1965)
on chalk remoulded to 20%, 10% and zero air voids show that a
three-fold division of the consolidation response is not unusual.
Calculating the consolidation characteristics from the graphs and
data provided yields the following:-
Initial m c Compression Componentsv v
Air
Initial Primary Secondary
Voids
% ft2/ton 2 % % %ft /yr
20 0.0189 - 67 - -
10 0.0094 720 52 28 20
Zero 0.0060 510 49 29 22
(The results are the mean of two tests)
The compressibilities are of a similar order, roughly 2 to 4
times larger than the values relevant to the lower pressure ranges
given in Table 6.4. However, the proportion of primary consoli-
dation is considerably larger and the primary and secondary amounts
are appropriately smaller than for the undisturbed material.
Initial Primary Secondary
Gravesend/Tilbury 15 50 35
Basingstoke AA
Lewis & Croney
Buckle By Pass
(Zero air voids)
This suggests that the response is greatly influenced by the
27 37 36
49 29 22
degree to which the chalk hasbeen disaggregated and the sample
generally disturbed. Remoulding should represent a higher degree
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of alteration than partial disturbance by sampling. But if this
were so, some consistent pattern with increasing pressure would
be expected. The figures in Table 6.5 do not support this view
except possibly at the highest pressure range (16 - 24 ton/ft2)
where the average initial consolidation amounts to only 8% and
the primary movement increases to 56%. Since there is evidence
that breakdown of the rock fabric may be occurring at these high
pressures, it could be argued that the resultant disaggregation
allows the chalk to approximate more closely to a soil and then
to exhibit the classical consolidation characteristics. Alter-
natively, it could be argued that the chalk particles become
more tightly interlocked, that the initial deformation diminishes
and that only primary and secondary movement of a much reduced
order of magnitude remain. The latter hypothesis can be tested
by examining the results of two tests carried out on intact
specimens prepared from a block sample. Details are given in
Tables 6.3 and 6.6 and Figure 6.12.
The average compressibility of the block chalk is 5 to 10
times smaller than that measured in the other tests but study of
the time settlement curves shows that once the machine correction
is applied, there is no immediate consolidation and that the
deformation is continuous and linear on a log time plot. It
appears therefore, to pass directly into a secondary consolidation
mode which in two of the increment stages, was still continuing
after 80 hours. Similar behaviour has been observed by the writer
with highly calcitic Lower Chalk tested in connection with the
Channel Tunnel Project.
The available evidence does not permit a Simple model to be
generated that could explain the complex consolidation behaviour
of chalk. However, it does appear that at the lowest pressures,
the degree of disaggregation dominates the consolidation response
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whilst at the highest pressures, particle interlock may be
dominant. At intermediate pressures there are possibly mutually
compensating factors in operation.
It is questionable whether the void ratio/log pressures
curves for a cemented material such as chalk can be used to
derive the maximum preconsolidation load. Further, only some of
the curves show any marked change of slope. Nevertheless, for the
record, the Casagrande construction on a number of those curves
apparently suitable for such interpretation suggests a precon-
solidation pressure of around 20 tons/ft2• This corresponds to
an overburden load equivalent to at least 375 feet of sediment
or double this if the full submerged density is assumed.
Due to the complex consolidation behaviour exhibited by
chalk, interpretation of the time/settlement curves to derive a
coefficient of consolidation at best become difficult and at the
worst impossible. The Casagrande log time plot generally provides
the easier curve to interpret, provided the initial straight line
portion is accepted to represent the primary consolidation. The
Taylor root time plot is far more difficult to interpret, because
of the pronounced curvature that is normally displayed. Typical
curves for root time and log time are shown in Figure 6.13.
The range of Cv values calculated for each test listed in
Table 6.3 is given in the final column. They range from 15 to
2 26000 ft /yr, the majority exceeding 100 ft lyre In many cases,
the rate of consolidation was too fast to allow computation, and
the term "virtually immediate" has been applied in such cases.
Using the estimated coefficients of consolidation (cv) to
evaluate the permeability of chalk, it can be shown that values
less than 100 ft2/yr imply a permeability between 10-8 and
10-9 cm/sec. It has already been shown that this is unacceptable,
based on the evidence of particle size analyses, porewater
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pressure dissipation and direct permeability tests. Conversely,
if it is assumed that the real permeability is approximately
10-6cm/sec then it can be shown that over the lower pressure
2ranges a Cv of about 9000 ft /yr is appropriate, increasing to
230,000 ft /yr at higher pressures.
These figures, which are summarised below, have been cal-
culated from the average coefficient of volume decrease (mv)
values for all the tests listed in Table 6.4.
Assumed Coefficient of Volume Decrease - 2m - ft /ton
(for various pressure v 2permeability k ranges (ton/ft )
0.0040 0.0027 0.0018 0.0011
(1- 2) (2 - 4) (4 - 8) (8-16)
cm/sec ft/yr Coefficient of Consolidation Cv - ft2/yr
10-6 1.035 9,300 13,950 20,600 33,800
10-7 0.1035 930 1,395 2,060 3,380
10-8 0.01035 93 139 206 338
It is of interest to note that Wake1ing (1965) quotes a Cv
value of 12000 ft2/yr for chalk from Newbury whilst Lewis & Corney
\.,I
(1965) quote values of 720 and 510 ft2/yr for recompacted chalk.
In practical terms, figures for Cv of a thousand and more
ft2/yr have no significance, because they indicate that consol-
idation settlement would take place as the stress change is
effected, that is, as construction takes place. The fact that
chalk usually contains numerous discontinuity surfaces means that
drainage paths are very short, allowing consolidation to be
completed within an even shorter time.
From the preceding discussion, it will be apparent that the
compressibility of chalk is low in comparison with the strongest
soils and that the initial and primary consolidation stages take
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place very rapidly. As later discussions will show, observations
on real structures also show this to be true in the full scale
prototype. However, on the basis of standard 24-hour increment
oedometer tests, these two components account for only two thirds
of the compressibility of chalk. Secondary consolidation as shown
by Table 6.5 accounts for the remaining third.
The mechanisms involved in secondary consolidation or creep,
that is strain at constant effective stress, are not understood,
Howev~r, it is known that pressure solution at interparticle
boundaries, the presence of pore fluid, temperature changes, stress
level and the ability of calcite crystals to deform by gliding
along planes or weaknesses in the crystal lattice, are factors
which influence the creep behaviour of calcitic rock. A good
summary of research work carried out on the behaviour of calcite
crystals and aggregates is given by Turner & Verhoogen (1960).
The only attempts by the writer to examine creep behaviour
in the laboratory took the form of extended consolidation tests.
On the two tests carried out on the block sample taken from
- 2Basingstoke, the highest pressure increment (4 to S tons/ft )
was maintained for almost three and a half days. From start to
finish, as the detai1edtime settlement graphs (Fig. 6.12 (b) and
(c» show, the deformation was linear on a log time scale.
If the tests are interpreted as a standard 24-hour increment
consolidation test, the calculated my ranges from 0.0004 to
2./0.0007 ft-i ton. These values range from 2.6 to 10 times smaller
than the average values for all the tests from all the sites,
and 2.6 to 'S.S times smaller than the average values from the
Basingstoke AA site. However, with this interpretation, a finite
limit and therefore a time for completion is implicit in the
analysis, although the tests suggest that creep may continue
indefinitely. (Laboratory tests made in the Lower Chalk for the
Tunnel project have shown creep to continue for more than 200 days
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although a reduction in the rate of strain occurred around
170 to 180 days after the start of the tests.) For the present
purposes, however, it is proposed that the tests should be
interpreted as a direct creep strain. For soils the term C~
has been applied and is defined as the measured strain per log
cycle of time:-
= AH
H
1
The values obtained from the tests interpreted in this way
are given in Table 6.6. Neglecting the results for the initial
loading, there appears to be a small increase in ~ with
increasing pressure from around 0.02 to 0.04%, which is contrary
to the findings in soils where above or below the preconsolidation
pressures, they are normally constant. Further, it is of interest
to note that the maximum value of 0.039% is still far smaller than
the value of 0.1% quoted by Ladd (1967) for heavily overconso1-
idated soils. The above values can be compared to the value of
about 0.05% which can be derived from data provided by Griggs
(1939) from work on Solenhofen Limestone stressed to 1400 kg/cm2
at 1 atmosphere confining pressure, and the 0.1% for a single
calcite crystal stressed to 61 kg/cm2 at the same confining
pressure. In the latter case, the total strain at 500 days exceed
1% without inducing general shear failure.
An attempt has been made to express the creep per log cycle
of time as a ratio to the total initial or initial plus primary
consolidation settlement. Difficulties arose in that:-
(i) In some tests there is no initial settlement once
the machine correction has been applied.
(ii) Primary consolidation could only be identified from
either a root time or log time plot but not both.
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(iii) The form of the secondary consolidation curve was
such that a valid linear relationship could not be
obtained.
Consequently, the attempt was abandoned although the
technique may be applied to field observations, as will be dis-
cussed later.
6.7. Shear Strength Properties
For many years the shear strength of chalk was determined
in terms of total stresses from quick undrained triaxial com-
pression tests. Initially, nominal 1.5 inches diameter specimens
were tested at three or four different confining pressures and
then later, in keeping with the 'fashion', the specimen size was
increased to 4.0 inches. However, even with obviously saturated
samples, it was commonly found that an apparent angle of shearing
resistance was indicated, that is, the chalk was behaving as a
c-0 material. Possible explanations were that the chalk was only
partially saturated or that as an overconsolidated formation, the
effect was the result of dilation at approaching failure. However,
natural chalk is 'undercompacted' and decreases in volume when
disaggregated. Consequently, a decrease in volume or more
properly a rise in porewater pressure should occur on shearing,
in which case, the cohesion should remain constant with varying
confining pressures. Because of the apparent c-0 nature of
chalk and the practical limits on numbers of samples and also
the need to eliminate sample variation, the practice of multistage
testing appeared on the scene. The main disadvantage of this test
is that large strains are developed in the second and subsequent
stages and that in the case of chalk, the tendency to dis-
aggregation means that a different fabric will obtain during the
course of the test.
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Whilst the foregoing changes were proceeding, limited
effective stress testing by means of drained and consolidated
undrained tests with porewater pressure measurements were being
carried out. Later, residual shear strength testing in the
reversal shear box apparatus was added.
Meanwhile, the so-called 'functional' or 'drainable' test
was introduced. In this test, specimens were permitted to drain
during an otherwise standard quick undrained triaxial shear test
and a c-0 result was obtained. The shear strength parameters
often approximated to the peak effective shear strength parameters.
Single specimen and multistage tests were carried out using this
technique.
In the following discussion, all the above tests will be
considered.
6.7.1. Immediate Undrained Triaxial Compression strength
Several hundred test results are available from a variety
of sites, but without exception, all are characterised by a wide
scatter of strengths without any apparent systematic variation.
Consequently, a strictly statistical analysis is not proposed but
rather the results from various sites or groups of sites will be
used to illustrate points in the discussion.
Almost all the tests have been carried out on 4 inch diameter
specimens with just a few 1.5 inch and 2 inch specimens. A
minimum height to diameter ratio of 2:1 has always been used. The
confining pressure was usually set at approximately 10 lb/in2
greater than the existing total overburden pressure at the depth
of the sample. The results of the tests, together with other
relevant data, are recorded in Table 6.7.
Where sets of specimens were tested, the variation in shear
strength was often quite large, sometimes signifying a c-~
material. Nevertheless, in all cases, the mean shear strength
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has been evaluated on a 0 = 0 basis. The results of ·4l4tests
have been plotted on two histograms, Figs. 6.14 (a) and (b);
226 on the former and 118 on the latter. The scatter from all
sites is extremely broad, whether the site is relatively confined
like the'Basingstoke AA or very extensive, like the Lemsford
Welwyn or Marlow Bisham By Pass routes. Strengths range from
as little as 2 Ib/in2 up to 125 Ib/in2, although less than 8.4%
have strengths exceeding 75 Ib/in2, the level at which there
is a sharp falling off in the distribution curves. At the other
end of the scale there is a surprisingly high number of low
2strengths, say below 15 to 20 lb/in. By examining the distribution
for particular sites, it can be seen that on Fig. 6.14 (b), North
Orbital Road and Lemsford Welwyn sites provide a high proportion
of the low strengths, whilst the Hemel Hempstead By Pass fulfils
a similar role on Fig. 6.14 (a). In these areas, frost shattering
extends to considerable depths and many of the samples are of
residual chalk. Further, on examination of all the records, a
number of the samples which have given very low strengths were
found to be very stiff to hard chalks which had clearly become
disturbed due to sampling or the presence of flints. After
making allowance for these factors alone, the number of strengths
below 20 lb/in2 can be reduced with justification to less than 10%
of the total.
On the basis of this data, it is concluded that the in-situ
undrained shear strength of the weakest natural chalk is unlikely
to be less than about 10 to 15 lb/in2 and for the characteristic
soft virgin jointed chalks, it probably falls within the range
20 to 75 lb/in2•
Meigh and Early (1957) carried out undrained triaxial co~
pression tests on intact specimens taken from block samples
derived from the Upper Chalk in a quarry at Coulsdon, Surrey.
This data has been replotted in Fig. 6.15. Confining pressures
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(0;) from zero to 1000 lb/in2 were used and the failure strain
generally increased from 0.3 to 1.0% with increasing cr3• The
stress strain curves for a limited number of tests indicate a
2brittle mode of failure for ~3 up to 400 lb/in and a plastic
failure mode involving disaggregation of the chalk at 800 lb/in2
and above, where strains at failure exceeded 5%. In some cases,
a composite failure mode appears to apply at intermediate values
of 0"'3.
Collectively, the undrained strengths could be interpreted
as exhibiting a c-0 response with a 0u around 120 to 150• How-
ever, having regard to the changing failure mode and the overall
grouping shown by Fig. 6.15, it is considered that a three-fold
division on a 0 - 0 basis is more appropriate, as set out in theu
following table.
Confining
Pressure
lb/in2
Average undrained
shear strength
Ib/in2 (tons/ft2)
Failure
strain
Unconfined
200 - 800
Over 800
220
380
580
(14.15)
(24.44)
(37.30)
0.3 approx.
0.3 to 1.0
up to 5.0
Clearly,. there is a major discrepancy between the range of
strengths deduced from the tests on open drive samples and those
on intact specimens cored from block samples. Since the density,
water content and effective shear strength parameters derived
from the same block sample are similar to results obtained by
the writer, there does not appear to be any fundamental difference
in the nature of the chaUs. Further, small scale plate test in
boreholes carried out by the writer have indicated comparable
strengths, between 14 and 17 ton/ft2. It is inferred that the
difference must be attributable to the effect of rock structure
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and/or sampling disturbance, since the laboratory test specimens
were of similar sizes.
Attempts have been made to account for the discrepancy by
determining correlations between undrained shear strength and
water content, dry density and standard penetration test value
or with depth below surface. Figure 6.16 shows a plot of un-
drained strength against water content for five different sites
and Fig. 6.17 (b) for the Basingstoke AA site. Whilst a trend
is discernable, the scatter is so broad and the sensitivity so
small, that no meaningful correlation is obtainable. For
example, the trend line in Fig. 6.16 suggests a ten fold increase
in strength for a water content change of only 5%. If the trend
line also takes into account Meigh's results, then the sensi-
tivity appears even lower. However, it is worth noting that the
Tilbury Crossing results follow a similar trend but are grouped
above the mean line, whilst the Marlow Bridge results are closely
grouped around the mean. The former is within the Upper Chalk
and the latter within the lowest horizons of the Upper Chalk and
the upper part of the Middle Chalk. This suggests a possible
link with the anticipated degree of overconsolidation applicable
to the respective horizons.
A similar attempt has been made to relate dry density to
undrained shear strength, see Fig. 6.17 (a). As with the water
content plot, a.trend of increasing strength with increasing
density can be discerned, but the scatter is again so wide and the
sensitivity so low that a significant correlation is unobtainable.
The use of the Standard Penetration Test (SPT) in chalk has
been discussed in Section 4.5. Numerous attempts have been made
to correlate the SPT and the undrained shear strength, for
example, Wake1ing (1965), Broadhead, Palmer and Toms (ICE 1965).
Usually the scatter is so wide that a precise correlation ls
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not possible although the writer has often been successful in
reducing the spread by carefully controlling the boring and test
procedure. (See later discussion on Theale pile and plate tests).
Nevertheless, the test can often be employed most usefully in a
qualitative or semi-quantitive role or, in a negative role, to
demonstrate the unrepresentative nature of other test results.
Results from five sites have been plotted on Fig. 6.1S and
taking the Middle Chalk at Marlow Bridge site, it can be seen
that the distributi"on of points can be broadly represented by
the equation:-
=
where Cu undrained shear strength (lb/in2)
N = SPT - (blows/ft),
whilst for the Tilbury site the appropriate equation is
approximately:-
Interpretations of this kind invariably leave two groups of
points. Zones 1 and 2 on Fig. 6.1S which appear inconsistent with
the general distribution. Taking Zone 1, an arbitrary boundary
has been set at Cu = N/4• It will be observed that within this
zone strengths are mostly less than 20 lb/in2 and that the
corresponding N values range from 60 to 200 blows/ft. The
possibility that such low strengths could be associated with such
high N values seems inconceivable and, therefore, it is considered
that these results are unrepresentative and can be neglected.
Zone 2 is less easily defined and also more difficult to explain.
A large number of points corresponding to N - 10 to 30 blows/ft
./ 2with strengths ranging from 30 to 120 lb in occur within this
zone. In many cases the disparity is not too great, because a
small increase in N would bring the point within an acceptable
range. However, it is possible that these points are derived from
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soft chalks which sample easily, and therefore are not subject
to appreciable disturbance, but which have low point resistance
to dynamic penetration. Certainly very favourable performances
have been obtained from large scale plate tests and full scale
buildings on chalk where N values of 20 to 30 blows/ft have been
recorded.
On the Blackwall Tunnel Approach Road site, a good cor-
relation was obtained indicating Cu = N but the Basingstoke AA
site falls into two groups, see Fig. 6.19 (a), approximately
corresponding to c = Nand c = N/3• However, a special featureu u
of the latter site was the way in which a marked change in the
N value was recorded close to the standing groundwater level;
sometimes the values increased and sometimes decreased. This
could be due to leaching and redeposition of carbonate within
the zone of seasonal water level fluctuation and could reasonably
be expected to manifest itself in other ways. Indeed, this is the
case as Fig. 6.19 (b) shows, with a band of very low strength
chalk at 45 ft below surface in Boreholes 1, 3 and 4.
In general, a systematic increase in strength with depth
is not found where virgin chalk is concerned. Such changes have
been observed, however, when penetrating derived or residual
chalk deposits, the influence of weathering and processing over-
riding the original properties of the chalk.
From the foregoing discussion it can be seen that the SPT is
a useful indexing instrument but one which needs careful appli-
cation and interpretation. Similarly, the undrained shear strengths
can only be regarded as an index of quality or variation in quality.
Provided care is taken to eliminate the unrepresentative results,
then the rest can probably be used to provide a lower bound
solution for strength and ultimate bearing capacity.
lU6
6.7.2. Functional or Drainable Triaxial Compression Strength
Even from quite shallow depths chalk is normally expected to
be effectively saturated and therefore, should produce a constant
shearing resistance "cohesion" when subject to shear under con-
ditions of rapid undrained triaxial compression. In practice,
chalk often behaves as a c-0 material under these conditions.
However, even when saturated and tested under very high confining
pressure, Meigh (1957), an apparent angle of shearing resistance
can be inferred from the failure envelope. A possible explanation
is that there are isolated discrete voids within the chalk, so
that it is never fully saturated. Such cavities would be ruptured
during shear and could provide a void into which porewater could
migrate. This hypothesis would only be tenable if migration
could take place quickly. In this connection, it has been widely
observed that settlement of non-disaggregated chalk takes place
very rapidly, more or less as the load is applied; this con-
dition obtains both in the laboratory and in the field. EVen When
chalk is highly disaggregated, over-compacted earthworks for
example, excess porewater pressures which manifest themselves by
causing the fill to mattress, soon dissipate. The implication of
these observations is three fold:-
(i) porewater pressure induced by loading dissipates so
rapidly in practice that the conventional concept
of applying the undrained shear strength may not be
relevant and, therefore,
perhaps the drained (effective) shear strength(ii)
(iii)
parameters are relevant in all practical cases or
perhaps there is a need for a new test which models
the field condition more closely?
The test which has been brought into the commercial repertoire
is the so-called 'drainable' or 'functional' test, whereby drainage
is allowed to take place during an otherwise standard immediate
107
undrained triaxial test. For identification purposes the drain-
able shear strength parameters will be denoted by the symbols
cdr and 0dr•
To examine the justification for the assumptions implicit
in the test, triaxial dissipation tests have been carried out.
The tests were made on specimens prepared directly from standard
open drive 100mm diameter samples and also on intact and com-
pletely remoulded 36mm diameter specimens. All specimens were
initially saturated using a back pressure technique applied
incrementally. Most specimens require a back pressure between
40 and 60 Ib/in2 (with a 2 IbAn2 excess) to achieve saturation.
A pore pressure response better than 98% was accepted as denoting
saturation (B = 0.98). However, limitations of the apparatus made
it desirable to operate at as Iowa pressure as possible in order
to obtain the maximum operational pressure range for the shear
stage. Therefore, in most tests, the back pressure and confining
pressure used to achieve saturation was reduced to 30 Ib/in2
before proceeding with the tests. The coefficients of consoli-
dation (cv) have been calculated from the volume change/log time
plots which show primary consolidation to be essentially complete
within about 20 minutes. This compares with the 2 to 4 minute
period needed for the excess porewater pressure to reduce to the
ambient back pressure level, namely four to ten times faster
than the volume change takes place.
Typical volume change/log time plots are given in Fig. 6.20
and the results are summarised on Table 6.8. It will be noted that
the highest Cv values relate to the intact specimens and they rise
with increasing pressure. The lowest values are associated with
the North Orbital Road open drive samples, which are virtually
constant over the total pressure ranges studied. The remoulded
specimens from the former site gave similar values to the latter
site at low pressures but were larger with increase in pressure.
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These relationships are plotted on Fig. 6.21.
As a check on reliability, the Cv values have been used to
-6determine permeability. The calculated values of k range from 10
-7to 10 cm/sec and, therefore, are consistent with values obtained
by other means, as already discussed in Section 6.5.
For the purpose of the following discussion and analysis,
average Cv values from the above tests will be employed, as
indicated below:-
Source
Average Coefficient of Consolidation -c
ft2/yr 2
v
m /min
90.x 103 24.7
4.4 x 103 1.21
11.4 x 103 3.12
Basingstoke- Intact
- Remoulded
North Orbital Road
Lewis & Cqrney (Ie)
Buckle By Pass 0.5 x 103 0.14
The Buckle By Pass value was obtained from chalk remoulded to
zero air void and represents the minimum recorded value found to
date.
With the above c values substituted into the equation pro-v
posed by Bishop & Henkel (1962) to determine time to failure (tf)
for a drained triaxial compression test, it is now possible to
examine the significance of the functional ('drainable') test
discussed earlier -
=
where
0.05 =
...
= time failure
= 1 length of test specimen
Coefficient of consolidation
95% dissipation of excess porewater
pressure
factor depending upon drainage conditions
at specimen boundaries.
=
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Three drainage conditions may apply:-
(a) where drainage is permitted from one end of the test
specimen - \t = 0.75
(b) where drainage is permitted from both ends of the
specimen - ~ = 3.0
(c) where drainage from both ends and radially (by the provision
of filter drains) is permitted whence - ~ = 35.0.
In addition there are two common test specimen sizes, namely
1.5 and 4 inch diameter by 3.0' and 8.0 inches high respectively:
Time to failure - minutes (tf)
c Drainage at one Drainage both Drainage both endsv end ends and radial
m2/min ~ = 0.75 ~ = 3.0 rt == 35.0'
I I I24.7 0.61 I 0'.61 0.15 I 4.3 0.0'1 I 0.37
3.12 4.8 I 137 1.2 I 34 0.10'
I 2.9I
1.21 12 I 353 3.1 I 88 0.27
,
7.6I
130'40 I I0.14 107 15 I 432 1.3 I 37
I
mm 19.1 110'1.6 19.1 I 101.6 19.1 I 101.6
h I Iins 0.75 I 4.0' 0.75 4.0 0.75 I 4.0'
I I I
All these variables have been considered and the above table
shows the calCulated times to failure for the assumptions noted.
Strain at failure for 4.0' inch diameter specimens tested
under 'undrained' conditions range from 2 to 10% although most
fail between 4 and 6% strain. For small diameter intact specimens,
the failure strain is usually less than 2%. For routine laboratory
testing the rate of shearing is usually 2% per minute although it
is sometimes reduced to 1% per minute. Thus, the time to failure
could normally vary between 2 and 3 minutes. From the above table
it can be seen that with the maximum drainage facility (both ends
plus radial) the quick test rate should result in the drained
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shear strength parameters being measured for all except completely
remoulded materials. However, it is most unlikely that equalis-
ation of porewater pressure throughout the specimen can occur with-
in this time. In practice, only end drainage is called for in the
'functional test', and most test specimens are 4 by 8 inches. Con-
sequently, the degree of dissipation is likely to be very variable
and certainly unpredictable. From this discussion it can be
anticipated that extremely variable shear strength parameters will
be measured and that in general, lower angles of shearing
resistance will be obtained than from a properly executed
effective stress triaxial test.
This prediction can be tested by reference to Fig. 6.22 where
the apparent shear strength -1 (~l - ~3) is plotted in a distri-
bution diagram against the confining pressure 0;. Diagram (a)
gives the results from 233 single drainable tests and diagram (b)
the results of 22 multistage drainable tests; almost all were made
on 4 inch diameter specimens.
On Fig. 6.23 (a) and (b), the upper and lower bound failure
envelopes and mean values for the two types of test are given and
are summarised below:-
'drainable' test
cdr 0dr
(lb/in2) (degrees)
Upper bound 26.5 33.70
Mean 15.2 23.30
Lower bound 3.1 11.30
Upper bound 20 37.00
Mean 3.6 33.70
Lower bound 0 25.30
Single specimen
'drainable' test
Multistage
The scatter is much greater in the single specimen tests but
this could be due to actual differences in the nature and con-
dition of the chalk specimens and the shorter time available for
porewater dissipation compared with the multistage test. In the
latter test, shearing is stopped at impending failure for each
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stage, to allow the confining pressure to be increased to the
appropriate value for the succeeding stage. This pause coupled
with the stress relaxation which occurs is bound to allow partial
pore pressure dissipation and is likely to enable greater unifor-
mity to be achieved. This explanation is consistent with the
narrower distribution produced by the multistage tests and also
the higher angle of shearing resistance measured which comes much
closer to the true effective shear strength parameters to be
considered in the next section.
The foregoing discussion leads to the conclusion that the
concept and practice of 'drainable' tests is undesirable, since
the true state of stress is not known. From the practical view-
point, there does appear to be justification for the assumption
that porewater pressures dissipate very quickly and therefore,
that even for relatively rapid rates of field loading, the
effective shear strength parameters are relevant for most
qualities of chalk.
6.7.3. Shear Strength in Terms of Effective Shear stresses
Triaxial compression tests using cylindrical specimens,
tested under consolidated drained and also consolidated undrained
conditions with porewater pressure measurement, have been used to
determine the effective shear strength properties. The test
procedures adopted were in compliance with the recommendations of
Bishop & Henkel (1962) although the shearing rates used were
invariably slower than the measured consolidation rates would have
permitted in theory.
Materials have been obtained from several sites and test
specimens have varied from nominal 1.5 to 4.0 inch diameter, taken
from open drive samples, rotary cores and block samples. All
specimens were saturated with a back pressure which was generally
increased incrementally to 30 lb/in2• Higher pressures proved
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necessary in some cases, where a B value of 0.95 or 0.98 was
required prior to carrying out dissipation testing.
6.7.3.1. Consolidated Drained Tests
From the Theale site, 45 No. consolidated drained triaxial
tests have been carried out on sets of 3 nominal 1.5 inch
specimens prepared from open drive samples. In addition, 4
sets were carried out on specimens of the same size prepared
by hand from 5.5 inch diameter rotary drilled cores. Further,
2 sets of multistage tests on 4.0 inch samples were carried out
on samples from the adjacent Welford site. The results of all
these tests which were effected using standardised confining
2pressures of 15, 30 and 45 Ib/in are given in Table 6.9.
A representative selection of stress/strain and volume
change/strain curves are plotted in Fig'. 6.24 (a), (b) and (c),
together with the Mohr~ circles of stress and the failure
envelopes. Failure has been taken to correspond to the maximum
deviator stress, which most commonly occurs between 2 and 4% axial
strain. Where there is a significant cohesion intercept, the fall
off in stress,after failure is still very slight, even where the
strain was continued to twice that at failure. The volume change
measurements are interesting in that at low stress levels there
is often a net volume increase at failure and the volume change
at all stress levels usually shows a marked change of slope,
and/or sign, in advance of the change of slope in the stress/
strain curves. Whilst there is clearly marked dilatancy in some
cases, especially at low confining stresses, in many instances
the volume remains sensibly constant over the failure stage and
beyond. The behaviour is more in keeping with a dense normally
consolidated granular soil at low pressures and a loose soil at
higher pressures.
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An average failure envelope for all the tests has been
obtained from a plot of half the sum and half the difference of
the principal effective stresses as shown on Fig. 6.25. The
following mean drained shear strength parameters have been
obtained:-
c'
d = (total range 0
(total range 2500'd =
Best fit envelopes taking 0'dto be constant shows cd to vary
from zero to a maximum of 20.6 Ib/in2•
The above figures compare closely with the average of all
the tests when interpreted individually giving:-
c' 7.4 Ib/in2d
0' 38.30d
The results obtained from tests made at different shearing
rates have been distinguished because there had been some evidence
that even at theoretically acceptable shearing rates, systematic
variations in the parameters occurred. Taking the average of the
values obtained at the same shearing rates gave the following
results:-
No. of tests Shear Rate c' 0'd d
in/min 1b/in2
9 0.00036 9.0 36.30
35 0.00048 7.0 38.90
1 0.00080 7.0 36.00
* 1 0.00180 7.0 38.50
(* Welford test - Multistage 4.0 in 0)
From this analysis there does not appear to be any justifi-
cation for believing that over this range of shearing rates, the
variation in the drained shear strength parameters is significant.
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The mode of specimen deformation was noted on completion of
all the tests. In more than half the tests, no visible shear
surface appeared and only a slight bulging of the specimen was
recorded. Most of the remainder developed a shear surface,
the angle to the vertical of which varied between 450 and 700•
From the Mohr/Coulomb failure hypothesis a failure surface would
be predicted at an angle 0( - 45 + 0, say 650• In fact only
2
25 specimens developed a surface with an angle exceeding 600to the
vertical and only 5 of these reached or exceeded 650•
Somewhat enigmatic in the series of drained tests are the
results obtained from the specimens cut by hand from rotary drill
cores. See Table 6.9. These were all intact specimens taken from
good quality widely jointed chalk, and were subject to the identica
testing procedure as the other drained specimens. Four sets were
tested and interpreted separately gave the following averages:-
== (total range 4.0 to 8.0)
(total range 32.50 to 35.80)-
Interpreted collectively, the best fit envelope, Fig. 6.26,
gives:-
-cId
0'd ==
Further, the strains at failure are, with two exceptions,
in the range 3.8 to 6.4% considerably higher than that obtained
from the earlier tests on open drive samples. Only in one
specimen was a shear plane detected and the expected brittle
behaviour with low failure strain and a high cohesion intercept
have not materialised.
Certainly the chalk in the adjacent boreholes proved to be
weak and difficult to sample, so that the cohesive 'bond' could
be extremely weak. A possible explanation for the behaviour under
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test is that the specimen preparation and the passage of water
into the sample to achieve saturation, were sufficient to largely
destroy the natural bonding. However, this is not then consistent
with the results of the individual tests, where although small,
a definite cohesion intercept was measured with a correspondingly
lower angle of shearing resistance.
Reinterpretation of the Meigh & Early (1957) drained test
results gave the following parameters for intact chalk:-
Range of Confining
Pressure
lb/in2
c 'd 0'd
o
200
200
1000
86
130
It is of interest to note that the low 0d value for the
i 2presure range 0 - 200 lb/in is very similar to that obtained
from the Theale rotary drill samples, although there is no
comparable cohesion intercept. The high pressure tests are not
comparable with any of those described above because, as Meigh
reported, there was clear evidence of breakdown of the chalk
structure.
Taking an overall view, the drained angle of shearing
o 0resistance for chalk appears to be within the range 36 to 40
with a mean close to 390• The cohesion term is variable.
6.7.3.2. Consolidated Undrained Tests With Porewater Pressure
Measurement
Nine sets of 1.5 inch diameter(mspecimens prepared from
open drive samples were tested from the Tilbury-Gravesend site.
A back pressure of 30 1b/in2 was applied universally and the net
confining pressures ranged from 45 to 130 1b/in2, arranged so as
to ensure that they were never less than the existing effective
overburden pressure. Three shearing rates were used, 0.0008,
116
0.0012 and 0.0018 in/min. A d~tailed summary of the test data
is given in Table 6.10 and a series of diagrams for each test
set on Fig. 6.27. Each figure includes five diagrams with a
common subscript letter as follows:-
(a) stress/strain curves for ~' cS' and (5"1 3 1
C:' cr'3 3
(b) Porewater pressure change with strain,
(c) Porewater pressure coefficient A change with strain,
C;' I cr' (5"(d) Plot + <3'3 against for differing1 1 3
2 2
failure assumptions,
(5' I(e) Stress path diagrams against (3"'31
For this series of tests, two failure criteria have been
used, maximum deviator stress and maximum principal effective
stress ratio. The failure envelope for individual tests
diagram (d) shows that a common envelope can be shown in every
case, although the actual stresses may differ. Treated individually
the following values were determined:-
0'cu
Average value 15
Total range o 38
* Note - only one test gave a 0' value less than 290•cu .
Strains at failure were typically between 2 and 4%, only
two specimens exceeding 7%, and the failure strain at maximum
deviator stress was frequently greater than that at failure
determined by the principal stress ratio. In general, however,
the differences were small.
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For convenience, in diagram (a) the stress/strain curves
have been plotted against change in height and the stress curves
have been plotted as the ratio deviator stress/minimum principal
effective stress. Further, to facilitate direct comparison, the
maximum/minimum principal effective stress ratio is plotted in
the same diagram. In most, but not all cases, the latter curves
exhibit a more marked change of slope at failure with a linear
initial stage followed by an essentially horizontal second stage.
This contrasts with the more rounded form of the deviator stress
curves. Further, the principal stress ratio curves tend to
match the porewater pressure peaks more closely.
It had been anticipated that the chalk would exhibit a
strongly dilatant behaviour at failure and that all the porewater
pressure curves would be characterised by well defined peaks
followed by a marked pressure reduction. In some cases, this
was so, but in most tests the reduction after failure was very
small and tended to decrease very gradually. This is attributed
to continuous disaggregation of the chalk which causes progressive
collapse and thus maintains the porewater pressure at a relatively
constant level.
When calculating the porewater pressure coefficient A, it
was assumed that the application of a 30 lb/in2 back pressure
coupled with the generally high confining pressures assured
effective saturation and, therefore, that the coefficient B could
be taken to be unity. At failure, the value of A ranged from
+0.02 to +0.54 but with only one exception which gave consistently
high values, most were with the range +0.07 to +0.31 with a mean
around +0.2. For the range of strains between 4 and 8% reached
in the tests, the A coefficient remained sensibly constant.
Geological evidence points to the Cretaceous Chalk being a
very heavily overconsolidated formation which in southern
England, could have been covered by sediments exceeding 1000 ft
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in thickness. Further, laboratory consolidation tests suggest a
preconsolidation pressure equivalent to at least 350 to 400 ft
of unsubmerged sediment. Thus, following Skempton (1954) very
small or negative values of A at failure would be expected.
Taking an average confining pressure of, say, 100 lb/in2, this
in relation to the minimum overconsolidation pressure of
20 ton/ft2 corresponds to an overconsolidation ratio of around 3
and at least 7 in relation to the minimum surcharge loading
deduced from geological considerations. Using the relationship
published by Bishop & Henkel (1962) - (Fig. 2d), the Af values
(A at failure) corresponding to these overconsolidation ratios
falls in the range +0.1 to -0.2 respectively. It seems, there-
fore, that the measured value of Af are reasonably consistent
with the consolidation test data although not the more likely
true stress history of the Chalk.
The stress path diagrams were prepared to complete the
documentation of the tests; they are of limited value without
tests following different stress paths. However, the concave.
upward form of most curves is consistent with an overconsolidated
material. It is interesting to note that only three specimens
exhibited reverse curves, and in each case, it was the specimen
tested at the highest confining pressures in the set, namely
299.5 to 130.2 Ib/in .
Three shearing rates, all theoretically acceptable, were
used for the consolidated undrained tests and it was as a result
of analysing these results that the possible importance of
shearing rate was realised. The results of the tests carried
out at common shearing rates are plotted separately on Fig. 6.28 X
and the best fit failure envelopes drawn. The findings are
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summarised below:
Rate of Number of test sets c.' ~l~ucu
Shearing (3 specimens per set) (lb/in2)
0.0008 3 15.3 350
0.0012 2 12.6 390
0.0018 4 0 410
In relation to shearing rate, both the c'~u and 0'cu terms
show systematic changes of considerable magnitude. To
investigate the effect of time further, deviator stresses at
failure for given confining pressures were plotted against a log
time scale, but without regard to shear rate; these are shown
on Fig. 6.29. All show significant increases in the maximum
deviator stress with increasing time to failure and there is a
progressive increase in the gradient of the curves with increase in
confining pressure. Only 3 pOints could be plotted for
~~ = 130 lb/in2 (not reproduced) and the curve was so steep
as to render the relationship valueless. In fact, the combined
effect of the two approaches is such as to suggest that the
apparently significant plots may be quite fortuitous. It is
more likely to be related to the degree of bonding present in
the specimen or, conversely, the amount of disaggregated chalk
present, since failure strain has already been shown to be
related to the degree of remoulding (disaggregation). The greater
the bonding, the lower the angle of shearing resistance and the
greater the cohesion intercept. This question will be referred
to again later.
Despite the uncertainties, the results of the Tilbury tests
have been compiled in a single plot to derive the effective
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strength parameter, Fig. 6.30. The overall grouping is very
good and shows:-
c ,_cu
0' cu
=
=
which compares with the arithmetic average of individual tests
given earlier of -
c 'cu
0'cu
=
=
Additional results are given in Table 6.11 for samples
from Lemsford Welwyn and Hemel Hempstead, with the following
average strength parameters:-
Lemsford c'cu = o
"', 34.50
p cu
Hemel Hempstead c'cu
0'cu
o
400=
the latter was obtained from completely remoulded material and
the material from the former site had been greatly affected by
glacial action which probably accounts for the low strengths.
Results obtained by the writer from at least four other
sites have given effective shear strengths in the range -
c' = 0cu
0'cu = 390 to 410
Taking the , and 0' terms for individual tests, attemptsc
have been made to investigate a number of possible correlations.
These include:- , ,
(a) Water content v log.maximum ( (5'1 - d 3 )
(b) c' and 0' v void ratio
(c) c' and 0' v porosity
(d) c' and 0' v water content
(e) c' and 0' v degree of saturation
(f) 0' v log.void ratio
(g) 0' v log. porosity
(h) 0' v dry density
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No correlation could be obtained from any plot involving
the c' term or for 0' with void ratio and water content. Trends
could be discerned in the remaining plots involving 0' but, in
all cases, small variations in the relevant property correspond
with large variations in 0' (300 to 450) and could not, there-
fore, be considered significant. This avenue has not been
pursued further.
A special set of tests was carried out on intact specimens
cut from a block sample obtained at Basingstoke and also on
specimens prepared from disaggregated chalk prepared from the
same block. The same specimens were first used for dissipation
testing. A complementary set of tests was also carried out on
specimens prepared directly from 4 inch diameter open drive
samples taken from the North Orbital Road site. The detailed
results are summarised on Table 6.12.
The stress/strain and porewater pressure/strain curves for
the intact specimens are plotted on Fig. 6.31 and it should be
noted that for clarity, the origin of the curves for the
specimens tested at 120 Ib/in2 has been shifted 1% to the right.
There is a close correlation between the maximum deviator stress
and maximum porewater pressure, except for specimen 1 which
appears anomalous; the real peak pore pressure may not have
been recorded in this case. Further, unlike the Tilbury tests,
there is a marked reduction in porewater pressure after the peak
stress has been attained.
Failure has been determined by two means, maximum deviator
stress and maximum porewater pressure, and the results are
plotted on Fig. 6.32. Although the plot for failure at maximum
porewater pressure is open to slightly differing interpretations,
especially having regard to the uncertainty concerning specimen 1,
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a common interpretation can be applied to both criteria, leading
to:-
, = 36 lb/in2c cu
0'cu 360
Strain at failure in both cases was between 0.6 and 2.2%,
being higher for the maximum deviator stress failure mode;
shear surfaces developed at 600 to 650 to the vertical.
Similar plots are given in Figs. 6.33 and 6.34 for the
tests on completely remoulded material from the block sample.
In these tests, although a marked change of slope in the stress/
strain curves occurs at strains below 0.5%, this does not relate
to the porewater pressure response. Further, a gradual rise in
deviator stress continued to the end of the tests, which were
stopped when the strains reached 9.3 to 10.4%. The porewater
pressure remained sensibly constant over a wide strain range,
1.5 to 3.5%, and also decreased very slowly.
Adopting the same failure criteria as for the intact speci-
mens, the following shear strength parameters are obtained:-
Max. pwp , = 0c cu
0'cu = 32.10
, I ,Max. { ($1- d 3) c cu = 0
0'cu ... 33.70
Such differences are outside the accuracy of the inter-
pretation and a mean value, common to both can be taken where -
,
c cu
0'cu
=
==
It will be observed that in addition to losing the cohesion
term, a reduction of 30 in0! has occurred. Further the stress/cu
strain and pore pressure responses are very different~ The
specimens deformed by bulging and no shear planes were apparent.
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Strain at maximum porewater pressure was between 1.9 and 2.4%,
over twice that of the intact specimens, but failure had not
really been reached at strains of 9.3 to 10.4% using the maximum
deviator stress approach.
The North Orbital Road samples consisted of jointed chalk
and the test specimens contained natural discontinuities.
Because of the multiple dissipation tests carried out on each
sample before shearing, the confining pressures all tended to be
relatively high and cover a rather narrow band. Stress/strain
and porewater pressure curves are plotted on Fig. 6.35. Both
sets of curves are characterised by an initial strain of 0.5 to
1.0%, which appears to be a bedding down strain, and then rise
very steeply. However, since the specimens were consolidated
which should eliminate such problems, the reason for the
peculiar form of the curves in the initial stage of the tests
is not known. Whilst all but one test shows a clear change of
slope in the stress/strain curves around 1.5 to 2.0% strain,
the maximum deviator stress is only reached at strains between
4.4 and 8.4%. Maximum porewater pressures occur between 2.3 and
3.7% but remain sensibly constant to the end of the tests (8 to
9% strain). Shear deformation took the form of a combination of
bulging and failure surface formation, the angle of the latter
varying from 600 to 700 to the vertical. The behaviour of these
specimens under test thus appears to fall somewhere between that
of the intact and remoulded Basingstoke material.
The failure envelopes are plotted on Fig. 6.36 and indicate
common shear strength parameters for both failure modes, namely -
=
124
From the Basingstoke and North Orbital Road consolidated
undrained tests, the following general conclusions can be drawn:-
(a) Intact chalk fails in a brittle manner with an
appreciable cohesive intercept and an angle of
shearing resistance around 360•
(b) Completely disaggregated chalk fails in a plastic
manner with a zero cohesion intercept and an angle
of shearing resistance around 330•
(c) Jointed slightly weathered specimens fail by a
combination of plastic deformation and brittle shear
with a zero cohesion intercept and an angle of
shearing resistance around 380•
Taking account of the other consolidated undrained tests,
the value of c ~u is not always zero and indeed , it could
reasonably be anticipated that this parameter would depend upon
the degree of integrity of the test specimen. Largely intact
and interlocking chalk fragments should produce a higher c ~u than
one comprising discrete blocks enveloped in a disaggregated
matrix. The Tilbury tests have given a c ' of 6.5 Ib/in2• Thecu
¢'cuterm might be expected to vary with the degree of particle
fineness and hence the degree of disaggregation. Thus a residual
chalk material subject to, say, frost action should be less
disaggregated than a transported chalk deposit or material
subj ected to shearing. In the former case 0' may approach thecu
maximum value for chalk and in the latter, the minimum value,
ultimately falling to the residual value. This interpretation is
certainly consistent with all the available data and geological
knowledge.
Finally, in this section, in so far as a comparison is
possible, the use of consolidated drained or undrained tests
with porewater pressure measurements must be considered. Where
the cohesion intercept is zero, the angle of shearing resistance
appears to vary between 380 and 390, (410 if other data is taken
into account). For practical purposes, the results appear
essentially the same. However, the consolidated undrained test
is carried out more quickly and the porewater pressure is easier
to measure and provides a better guide to the nature of the
material and mode of failure than the volume change measurement
used with the drained test.
The cohesion term is dependent upon the precise nature and
condition of the chalk, but in general, as this value rises,
the friction term is likely to fall, probably to between 300 and
340• This could be due to brittle failure concentrating shearing
on discrete surfaces and thus maximising disaggregation and
particle alignment. In this case 0' should approximate to the
residual value, a condition which will be examined in the follow-
ing section.
6.7.4. Residual Shear Strength
Residual shear strengths were measured under fully drained
conditions in a 6cm square shear box apparatus, adapted to allow
the box to be reversed and so enable the shearing process to be
repeated as often as necessary. The concept of residual strength
developed at large strains was described by Skempton (1964). In
the initial tests on samples from Tilbury, only one reversal was
carried out but for the North Orbital Road tests, this was
increased to three. The rate of shear for the former tests was
0.00064 and 0.00144 in/min, whilst for the latter this was
reduced to 0.000128 and 0.000192 in/min. The slower rates
had the merit that each traverse could be accomplished within a
normal working day and still leave sufficient time for a reverse
traverse in preparation for the next slow traverse the following
day. After reaching the peak value, the North Orbital Road
specimens were subject to six relatively quick manual reversals,
to ensure complete development of the shear surface, and then to
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the three slow monitored stages.
The results of these tests are summarised in Table 6.13. To
illustrate the form, the full shear stress/displacement and change
of height/displacement curves for the Tilbury results are given
on Fig. 6.37. A marked fall in the shear stress follows the peak
value and a further progressive reduction in shearing resistance
with increasing strain. Although a complementary change of
gradient in theooight/displacement curves accompanies the point of
peak shear stress, a general reduction in height occurs throughout
this stage. Following the initial shearing traverse, the height
of the test specimens tended to remain sensibly constant or
decrease very slowly. The total displacement for the North
Orbital Road specimens amounted to over 4 inches; taking account
of the four monitored traverses and the six manual traverses.
Even so, the results show an appreciable scatter.
Interpretation of the individual tests gives the following
results.
Peak Residual
Site/sample Cl 0' cr 0'
(lb/in2)
p
(lb/in2)
r
Tilbury Gravesend
11/106' 0.5 450 0 400
18/101 ' 10.0 310 6 310
Average 6.0 37.50 0 380
North Orbital Road
26/26' 3.8 290 3.8 250
37/20' 4.6 430 0 380
41/30' 8.5 270 4.5 250
Average 4.0 390 0 370
It will be noted that the average peak values of ~ agreep
very closely with the values measured in the appropriate effective
stress triaxial tests. At large strains the cohesion term should
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tend to zero, but in several tests this has not occurred. However,
a collective plot does allow the tests to be interpreted with
c~ = O.
On Fig. 6.38 the results of the tests from both sites have
been plotted, together with some results from a site at Broadstair~
kindly provided by Dr. J. Hutchinson of Imperial College. The
latter were cut from chalk blocks, three being parallel with the
bedding direction and one normal to this direction (vertical shown
in diagram). Each of his specimens was subject to a minimum of
five reversals.
The average parameters derived from these combined results
are:-
Cl 6.0 lb/in2 and 01 -= 37.50
P p
Cl = 0 and 0' = 380r r
with a lower bound of
Cl
r o and
Subsequently, Dr. Hutchinson carried out further reversal
shear box tests on material from the Broadstairs site, using
specimens with precut planes. From the combined tests he obtained
oresidual strength parameters of c~ = 0 and 0'r == 30 •
It may be significant that the completely remoulded material
from the Basingstoke sample gave c' = 0 and 0' = 330, whichcu eu
falls within the residual strength range. Thus, effective stress
triaxial tests on completely remoulded material could provide an
alternative method of determining the residual strength of chalk.
6.7.5. Miscellaneous Comments on Shear Strength properties
6.7.5.1. Isotropy and Discontinuities
With the exception of the single test carried out by
Dr. Hutchinson and plotted in Fig. 6.38, no tests have been carried
out in anything but the plane essentially normal to the bedding
plane direction. This one specimen produced a shearing resistanc~
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50% higher than the mean at the same normal stress. Tests carried
out by the writer on Lower Chalk for the Channel Tunnel project
have indicated a degree of anisotropy varying between 1.2 and 1.9.
Whilst this material is not strictly the same as the Middle and
Upper Chalk, it does possess certain similarities, high carbonate
content and weak cementing for example, which could make the
comparison tenable. However, electron microscope work by
Hancock has shown that some chalks show a degree of parallelism
in the chalk particles. The 'chunky' nature of the chalk
particles and also the monomineralic composition is expected to
render these factors unimportant, but clearly they are worthy of
investigation. Further, no tests have been specifically carried
out on bedding, joint and fracture surfaces except indirectly in
the reversal shear box tests. Notwithstanding, the various tests
on intact, fractured and remoulded materials have shown that these
factors are likely to be significant, a conclusion which is
borne out by in-situ field tests.
6.7.5.2. 'Cohesion' of Chalk
That there is a cohesive force operative in virgin chalk is
evident simply by handling a fragment of the material. It is
confirmed by the high near vertical cliffs which occur along many
coastal areas and faces in long disused quarries, as well as the
steep slopes flanking many road and rail routes. The nature of
the cohesion which, in the softest chalks can be destroyed with
finger pressure, has been the subject of much debate.
Beneath the usually shallow surface zone subject to evapor-
ation, most chalks are close to saturation, and at the deeper
level capillary attraction is unlikely to develop into a force of
any magnitude. If capillary forces were important, thea .. ersion
in water should result in disintegration. The absence of close
parallelism, the blocky shape and the dimensions of the finer
particles, as well as the size of the pore spaces, all suggest
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that the Van der Waals - London force is unlikely to be operative.
(It seems that the crystal lattice of calcite cannot accommodate
an absorbed layer of water in the manner of clay minerals,
although the particles may be of comparable size~) The complex
physico-chemical forces operative in clays do not therefore
appear to be applicable to chalk.
In the present state of knowledge, it is concluded that the
chalk must be cemented in some manner, although clearly to varying
degrees. The question of secondary carbonate deposition was
discussed earlier. It was pointed out that such material does
not appear to be generally very abundant although, it may become
increasingly important towards the north of England. However,
geolo.gical considerations suggest that where Tertiary deposition
took place, total overburden pressures on the Chalk could amount to
about 50 tons/sq ft. Some allowance for chalk deposited bpteroded
before Tertiary deposition began is included in this figure. Where
glaciation occurred, the Tertiary formations are absent or are
likely to be thin compared to those in the Thames Basin proper and
a similar figure for overburden pressure is thought to apply in
those areas too. In any event, an overburden producing a load
greater than 100 tons/sq ft is difficult to envisage or justify.
The inter-particle pressures at the points of contact resulting
from these gross overburden pressures would be extremely high and
almost certainly sufficient to induce pressure solution at the
contacts, especially in the presence of a solution saturated with
calcium carbonate. To support this view reference can be made to
Grigg's work (1934). Using a single calcite crystal loaded to
61 Kg/cm2 at a cobfining pressure of one atmosphere, he demon-
strated plastic flow (Strain after 500 days exceeded 1%).
'Welding' at particle contacts is therefore a distinct possibility.
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Detailed chemical analysis of chalks shows that a small
amount of organic matter is usually present. This is thought to
be the organic remains of the organism which originally secreted
the coccoliths. To examine chalk it is commonly treated with
phosphoric acid which oxidises the organic matter and effectively
breaks down the chalk structure. It seems just possible that
these organic remnants may contribute in some measure to the
cohesiveness of chalk.
To summarise, it is considered that pressure solution probabl~
makes the most important contribution to the cohesion of chalk.
Cementation by secondary calcite is locally important and organic
matter may also make a contribution.
6.7.5.3. Angle of Shearing Resistance
One of the most striking features of the effective stress
shear strength tests is the remarkable consistent value measured
f th ak 1 f h i . t 370 to 410 ithor e pe ang e 0 sear ng reS1S ance, ,w a
omean value around 39. Indentical results have been quoted in
many publications, including Wakeling (1965) and Lewis & Croney
(1965).
As chalk is essentially monominerallic, it would seem
reasonable to examine the coefficient of friction for the main
constituent, namely calcite. Tests reported by Horn and Deere
(1962) gave a coefficient of friction for calcite tested under
saturated conditions of 0.60 to 0.68. This is equivalent to an
angle of shearing resistance between 310 and 340, which agrees
closely with the lower bound value for the residual strength
measured in the shear box tests. The slightly higher peak values
could easily be accounted for by poor particle alignment and
particle interlock, the effect of which would become larger as
the predominant particle size increases. Thus, 0' values
exceeding 400 are likely to be associated with the more gritty
varieties of chalk and the lower values with the more uniform
2rain sized powdery chalks.
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6.8. Elastic Properties
6.8.1. Undrained Modulus
The immediate undrained elastic modulus has been determined
for samples from three sites, using the cyclic loading technique,
prior to carrying out an undrained triaxial compression test.
Initially the load was taken to about one half of the estimated
failure load or to a maximum strain of about 1%. Specimens were
then unloaded, but maintaining a seating load of about 0.5 Ib/in2,
and then reloaded at the original rate of strain. The modulus
was calculated from a line drawn through the resulting
hysteresis loop.
The results of these tests, together with the water content,
density and undrained shear strength of the sample (assuming
o = 0) and the N value for the SPT test made closest to the
sample depth, are given in Table 6.14.
Specimens for the Tilbury tests were all 1.5 "inches diameter,
taken from 4 inch open drive samples, whilst 4 inch diameter
specimens were used for the North Orbital Road and Theale tests,
again prepared from open drive samples. The variation of results
even from the same core samples were quite wide although, in the
+majority of cases, the total range is better than - 30%,of the
average. Taking all the tests, the range of undrained modulus
varies from 90 to 8400 tons/ft2, with the following distribution:-
Undrained Modulus (tons/ft2) No.
< 500 11
500 1000 43
1000 2000 56
2000 4000 17
>4000 15
142
Percentage
8
30
39
12
11
100
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Thus, 69% fall within the range 500 to 2000 tons/ft2• These
results can be compared to those obtained by Meigh and Early (1957)
for intact material, which ranged from 4000 to 16000 tons/ft2•
By inspection it is clear that both water content and dry
density are too insensitive to produce meaningful correlations.
Attempts have been made however to relate undrained shear strength
and SPT - N values with the measured elastic moduli. The results
from Tilbury are plotted on Fig. 6.39 and the following tentative
relationship has been obtained:-
E ~ 34 cu
where E = elastic modulus - tons/ft2
c = undrained shear strength lb/in2•u
The data for Theale and North Orbital Road are plotted on
Fig. 6.40 (a) and a very similar relationship is indicated such
that: -
E A 37 cu
In both cases, the distributions are such, that the relation-
ship could only be considered as very approximate. Nevertheless,
it is interesting that similar results have been obtained from
1.5 and 4.0 inch test specimens and from different areas.
Figure 6.41, shows the undrained modulus plotted against
SPT - N value for the Tilbury tests. The scatter of points is
very wide indeed, but the association of high N values and low
modulus, delineated by the hatched line, do not seem compatible
on common sense grounds. It seems likely that such strong chalk
(as identified by the SPT) would be badly disturbed in sampling
and therefore, produce unrepresentative results. Where very high
modulus values are associated with low N values, it seems likely
that the test samples have been selective, taking the predominantly
intact material. Making due allowance for these factors, a ten-
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tative correlation has been made for N values between 10 and 80
blows/ft, of the form:-
where
E ze:. 200 + 28N
E = elastic modulus - tons/ft2
'N' SPT - blows/ft.
Taking the Theale and North Orbital Road results separately,
Fig. 6.40 (b), a similar relationship has been found:-
E ~ 100 + 28N.
6.8.2. Moduli from Consolidated Undrained Triaxial Tests
From consolidated undrained triaxial tests with pwp measure-
ment, moduli have been obtained for intact 1.5 inch diameter
specimens taken from the Basingstoke block sample and for 4 inch
open drive samples from the North Orbital Road. The results are
given at the end of Table 6.14. In all cases, the values have
been determined from the initial section of the stress strain
curves and are, therefore, tangent moduli. For the Basingstoke
tests no difficulty in interpretation arises and values in the
range 285 to 480 tons/ft2 were obtained. However, the stepped
form of the North Orbital Road stress/strain curves, see Fig. ~35,
makes interpretation very difficult; if the initial strain is
included, values between 370 and 750 tons/ft2 are obtained. The
average of the eight tests is close to 500 tons/ft2, and this
rather low value may be due to the breakdown of the chalk fabric
as a result of the saturation and dissipation testing which
preceded shearing.
6.8.3. Drained Moduli
Drained moduli have been obtained from consolidated drained
tests on open drive samples from Theale. Tangent moduli derived
from the intact linear section of the stress/strain curves,
corrected for initial bedding etc, varied between 580 and 1100
tons/ft2, with an average of 800 tons/ft2. Clearly, they fall
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towards the lower end of the range of the immediate undrained
moduli, but are rather higher than the values obtained from the
consolidated undrained tests discussed above in Section 6.8.2.
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7. MASS PROPERTIES
The data presented and discussed above have been derived
from laboratory tests on small specimens with a maximum diameter
of about 4 inches. In many cases, the test specimens contained
discontinuities but their frequency and distribution within the
specimens was unlikely to model the in-situ rock fabric with any
accuracy. Some tests were carried out on intact specimens,
generally of much smaller overall dimensions, and these would be
even less representative of the real situation. Clearly, if the
small scale laboratory tests are to be used to predict the field
behaviour of chalk, then appropriate scaling factors are required.
In relation to foundation design, construction and performance,
strength and deformation of the chalk are properties of funda-
mental importance. Only by carrying out large scale field tests,
of dimensions commensurate with rock structure and/or monitoring
the performance of real structures, can these properties be
studied. For this purpose deep 5.5 and 7.5 inch diameter plate
bearing tests have been carried out in boreholes and plate bearing
tests in shallow pits, with plates ranging from 12 to 36 inches in
diameter. Observations have also been taken on a number of 6.5
and 11.0 feet square concrete bases forming the foundations to a
four storey building.
7.1. Fie1dStrength
When subject to loading, applied either incrementally or at
a constant rate of strain (CRP procedure) the load/deformation
curves for chalk commonly comprise three phases. An initial
essentially linear elastic phase, a second visco-elastic defor-
mation phase which may extend to very high strains (up to 50% in
some tests), and a third plastic phase of continuing strain at
constant stress. In Fig. 7.1 an idealised curve is shown to
illustrate the above description.
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The change from phase 1 to phase 2 is often gradual making
the precise extent of one or the other phase difficult to define.
At the other extreme, continued yielding at constant stress (qu)
clearly represents a failure state. However, the very high strains
developed in the intermediate phase make it necessary to consider
whether some lesser stress or strain should be used to define
failure. Certainly from the practical standpoint, strains of the
magnitude generated in many of the plate tests could not be tol-
erated by most structures. Hobbs (1974) has observed the same
phenomenon and suggested that the backwards extrapolation of the
linear phase 2 curve to intersect the zero strain axis should be
used to define the practical stress limit (q ) to avoid largey
yielding strains. This is to be distinguished from the failure
conditions, although to what extent q can be exceeded withouty
inducing failure with time is not known. In theory, Hobbs'
suggestion appears to offer a sensible basis for analysis but in
practice, it is found that the value of qy varies with the size
of the test plate, a much higher value being obtained with a small
plate and vice versa. This, in turn, is almost certainly due to a
scale effect, and simply emphasises the need to ensure that the
dimension of the test plate is commensurate with the scale of
rock fabric and structure. This aspect will be developed more
fully in the section dealing with determination of ground moduli
values.
For the purpose of the present discussion, the strength of
chalk will be considered in relation to two stress limits, the
yield stress qy and the ultimate stress qu' as defined above.
Firstly, some brief notes on the test procedure used. The
Welford Theale borehole tests were carried out using a 5.5 inch
diameter plate, up to three tests at different levels in each
borehole. In most tests the boreholes were lined to the level
of the test but not in the very strong chalks. Where ground-
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water was encountered, the holes were flushed clean before lowering
the test apparatus into the hole. It was found that the combined
weight of the equipment was essentially equal to the total weight
of excavated material and therefore, no correction was applied to
the load/settlement data. A constant rate of penetration (CRP)
procedure (lmm (=0.04 inch) per minute) was used for the initial
stage of all tests. Various rates were used for reloading tests.
A similar set of tests were carried out on the Liddington/Welford
section of the M4 motorway, the results of which were provided by
the Consulting Engineers, Sir Alexander Gibb & Partners. The
writer had no personal involvement with the tests for which 7.5
inch diameter plate were used and the rate of penetration was
0.05 inches/minute. The writer's borehole tests on North Orbital
Road employed the 5.5 inch plate, but the initial loading was
incremental, although a CRP procedure was attempted subsequently
in some tests.
For the pit tests at Welford, a trench was excavated and the
tests were carried out horizontally, using the back wall of the
trench to provide the reaction. For the North Orbital Road pit
tests reaction was obtained from the tension piles and a cross beam
using a hydraulic jack acting through a ball and socket joint.
Either three or four 0.001 inch micrometer gauges, supported
independently and located per~rally on the test plate, were used
to measure settlement for all the tests. Plaster of Paris was used
to produce a flat surface beneath each plate, the minimum thickness;
possible, and a setting period of at least 15 hours was allowed.
Incremental loading was used throughout.
The Basingstoke tests were carried out in a similar way except
that kent ledge was used to provide the reaction. Further, where
36 inch diameter plate tests were carried out, the same area was
used subsequently for 12 inch plate tests, in order to
investigate the difference between virgin and repeated loading
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and more importantly, to attempt to determine the ultimate
bearing capacity of the ground; the available kentledge limited
the pressure that could be generated on the largest plates to
about 6.5 tons/ft2 and 23 tons/ft2 on the smallest.
The results of the tests are summarised in Table 7.1 and
details of selected tests from Welford, North Orbital Road and
Basingstoke are given on Fig. 7.2. An important point to note
is the difference in interpretation that can be made, purely as
a function of the accuracy of the monitoring and plotting and then
as a function of the scale selected for plotting the data. This is
less of a problem with the writer's results, because the total
settlement or penetration seldom exceed one inch and a comparable
method of measurement has been employed. This contrasts with the
Liddington results where penetration and settlements equivalent
to a diameter of the test plates were often recorded and very
small scales were used to plot the data in a manageable size.
Consequently, it is suspected that the changes of slope observed
in the load/settlement curves are not always the corresponding
changes in the other tests. This difficulty can be taken to the
extreme by reference to the Mundford results of Ward et al (1968)
and Burland (1970). Here total settlements of only one or two
millimeters were recorded, and when plotted to a very large scale,
a back projection of the first change of slope yields an extremely
small value of qy.
From Table 7.1 it can be seen that the ultimate failure stress
(qu) ranged from 15 (possibly 12) to over 150 tons/ft2, whilst the
yield stress (q ) ranges from 6 to over 150 tons/ft2. Where the
y
stress values are very high, 2over 100 tons/ft, the load/settle-
ment or penetration curves are often essentially linear through-
out and cannot readily be interpreted. It would be expected
that yield stress and ultimate stress are related and
therefore, these parameters have been plotted together in Fig.7.3.
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Two tentative relationships are found, one for the 5.5 and 7.5 inch
deep borehole tests, such that
and for the 12 and 24 inch shallow pit plate tests
3.5
A degree of equivalence for q can be achieved between theu
deep and shallow plate tests by back analysis, using the simpli-
fied ultimate bearing capacity equation for the undrained case:-
qu =
where qu =
c =u
Nc =
ultimate bearing capacity
undrained shear strength in terms of total
stress
bearing capacity factor which for circular
foundations at the surface ~ 6.0 and at
great depth ~ 9.0
density of superincumbent material
d = depth to the level of test.
In relat ion to the measured qu values, the~. d term is small
and can be neglected in this context. Thus, the deep tests can
be roughly equated with the shallow tests by applying the ratio
of the Nc factor namely 9.0/6.0 = 1.5. Surprisingly, Fig. 7.3
shows the trend line 1br the deep tests to be located below that
for the shallow tests, and applying the factor of 1.5 increases
the difference in q derived from the two sets of tests. Usuallyu
small plate tests tend to indicate higher strengths and higher
modulus values than large plate tests and these findings are quite
contrary to previous experience.
As a crude guide, the above bearing capacity equation can also
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be used to obtain an estimate of the shear strength of the chalk.
The great majority of tests show q to fall in the range 15 tou
60 tons/ft2 which corresponds to undrained shear strengths in the
range 45 to 180 Ib/in2 compared with the 20 to 75 Ib/in2 obtained
from quick undrained triaxial compression tests. This tends to
confirm the belief that such laboratory tests underestimate the
strength of chalk.
The ultimate failure stress (bearing capacity) has been
plotted against SPT value in Fig. 7.4. For the deep borehole tests
with small plates this indicates that
2N (tons/ft2)
and for shallow (surface) tests with large plates
1.2N (tons/ft2).
The broken line represents the deep tests reduced to a shallow
test equivalent; the close agreement suggests that scale may not
be important in the determination of ultimate bearing capacity,
at least for loaded areas up to 24 inches diameter.
By the same token, for shallow tests
= 6.0 cu = 1.2N and
= N
0.20
Whether the yield stress qy is a function of depth (or
confinement) is not known. However, despite the scatter, Fig.7.5
does show that q is sensitive to the size of the test plate, the
y
magnitude of the sensitivity extending beyond that which can be
attributed to depth alone. On the other hand, on the basis that
the SPT N value denotes a significant change in the quality of
chalk, the graph suggests that q is sensibly constant over a
y
very wide range of chalk qualities once test plates exceed 24
inches diameter. The mean values of q range from 5 to 7 tons/ft2y
for the lower and higher grades of chalk respectively. This
finding is consistent with the comparative set of tests carried
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out at Basingstoke. Reference to Fig. 7.2 where the average
load/settlement curves for plates of various plate sizes are
plotted, illustrates how although the stress/settlement gradients
vary, qy from the 24 and 36 inch plates project to a common point
on the zero settlement axis, namely 3.7 tons/ft2•
7.2. Field Modulus
There are many factors to be considered when attempting to
derive a modulus value (or values) for the ground, which is to be
employed subsequently for the design of structures. They include
stress distribution, anistropy, non-homogeneity, roughness of the
loaded area, etc.
All rock masses contain discontinuities such as fractures,
joints, fissures, faults and bedding planes which collectively
define the mass structure. Subjected to stress/strain testing,
rock specimens also show non-linearity, permanent strain,
hysteresis and time dependent strains attributable to small or
incipient cracks and pores within the rock fabric. Despite these
features, which account for the term often applied to such rocks
of 'clastic material', the tacit assumption is often necessarily
made that the rock mass is a homogeneous linear elastic isotropic
continuum; it is then possible to apply the theory of elasticity.
This question has been reviewed in two papers by Hobbs (1973 and
1974). He concluded that the importance and magnitude of the
errors arising from the application of elastic theory in general
and anyone of the numerous elegant theories derived from it,
become insignificant in comparison with the accuracy with which
the deformability of rock masses can be determined. It would.
probably be truer to say that they are of second order importance,
rather than insignificant.
For the current analysis, stress distribution and influence
factors have been taken from the curves published in the Norwegian
~~6
Geotechnical Institute Publication No. 16, Janbu and Bjerrum
(1956), with some corrections. Determination of Poissons ratio ~
for chalk has given values between 0.19 and 0.30 and for
general calculation purposes, a value of 0.25 has been adopted.
This is also the value obtained by Ward et al (1968). The NGI
curves, which are based upon v = 0.5,have been adjusted to
take account of the lower value adopted for chalk, and also to
allow for the rigidity of the test plates. Since the chalk is
probably anis~ropic and overconsolidated, it has been assumed
that the stress distribution is such that the stresses are signif-
icant only to a depth equivalent to 1.5 times the diameter of the
loaded area.
The expression for the deformation modulus ED has the
form:-
=
q.B
S
•••••••• Eqn. 7.1
where "ul = a factor which takes account of the
geometry of the test plate and the depth
of influence.
~o a factor which takes account of the test
plate geometry and the depth below surface
B = minimum dimension of the test plate.
q intensity of stress produced by the test
plate.
S = mean settlement of the loaded area under
the stress q.
Depending upon the nature and quality of the plate bearing tests,
a variety of deformation moduli have been determined and the
results are included in Table 7.1. The various moduli are
shown diagramatically on Fig. 7.1 and consist of the -
Tangent modulus
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EDt - calculated from the initial linear
section of the stress/strain curve.
Secant modulus Ens - calculated with respect to a
specified stress level, generally
4 tons/ft2•
Reloading modulus EDr - calculated from the first reloading
curve from a cyclic test.
The Theale tests were CRP and might be expected to approach
closest to the undrained condition. Therefore, the observed
agreement between these tests and the triaxial tests described
in Section 6.8.1 is not too unexpected. However, the North
Orbital Road (NOR) tests were incremental and have still given
similar values which suggests that test scale rather than test
procedure may be an overriding factor.
Source
2Modulus values EDt - tons/ft
Total Range Majority range
Laboratory - undrained
triaxial tests
Theale (5.5 inch plate
CRP tests)
NOR (5.5. inch plate
incremental tests)
90 8~0 500 2000
75 1415 250 1000
420 1890 550 1550
Very high loads were applied in the Theale tests, before
recycling was permitted and therefore, reloading moduli have not
been calculated. For the NOR tests, recycling was commenced at
a variety of stress levels, the first at about 12 tons/ft2 and
2moduli EDr are typically ~OO to 5000 tons/ft , much greater than
the tangent values.
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The Liddington borehole tests were also CRP but gave con-
sistently low values for EDt with only one value exceeding
290 tons/ft2. The magnitude of the settlement/penetration both in
these and the shallow pit tests, are so large and irregular as to
suggest that they were poorly conducted. Therefore, their
reliability for this purpose is open to serious doubt.
From the plate tests carried out in shallow pits, the
following average moduli were obtained:-
Site/Plate size
Average modulus (tons/ft2)
Ens
North Orbital Road
12"
24"
Basingstoke
12"
24"
36"
3730
5260
5750
2915
4130
27,250
13,140
9215
17,000
5610
690
1570
4260
1390
800
--------------------------------_._----------------------------
12" repeat
reload
745 3650 685
A striking feature of the results in this table is the
marked increase in the reloading modulus EDr compared with the
tangent modulus EDt' the ratio EDr : EDt varying from 1.6 to 7.3
without any apparent order. There is also a marked difference
between the tangent EDt and secant Ens moduli, computed for a
nominal pressure of 4 tons/ft2, the ratio EDt: Ens varying from
1.4 to 5.4. The general reduction in Ens with increase in plate
size should be noted.
Using the settlement observations carried out on foundations
at Basingstoke, and adopting the same stress distribution assump-
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tions and elastic properties as were used for the plate tests,
2moduli of 980 and 880 tons/ft have been estimated for 6.5 ft
and 11 ft square bases respectively. These were calculated from
the total measured settlement. However, study of the time/
settlement curves for the building foundations, Fig. 7.6,shows
that over half the total settlement measured over a period of
36 weeks, occurred within 4 weeks of the stub columns being struck
and the first observations being made. Thus, settlement occurred
under the influence of only general oversite concrete and the free
standing ground floor columns with some temporary supports. This
suggests that the initial settlement was largely due to bedding
down following excavation disturbance and also partially due to
reimposition of the original ground stress. If most of the
initial settlement is neglected then the deformation modulus
derived from the foundations becomes 1960 and 1910 tons/ft2.
Comparing either of these sets of values with those given
in the above table, shows that they can only be compared with
secant modulus derived from the larger plate tests, notably
the 24 inch plate values. There is no correspondence with the
tangent or reloading moduli.
The generally low moduli obtained from the small diameter
borehole plate tests could be due to ground disturbance although
the smooth load/settlement curves for the Theale tests would not
support this view. On the other hand, where moderately large
blocky chalk is being tested, as at Basingstoke, the smallest
plate tests have given the largest moduli and vice versa. Not-
withstanding, it is interesting that where 12 inch plate tests
were carried out on areas previously used for 36 inch plate tests,
all the moduli were very low but the tangent and secant values
were virtually identical. It is suggested that since the first
tests had exceeded the chalk yield stress, the cohesion of the
surface chalk has been destroyed and therefore, the repeat tests
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were carried out on disaggregated material.
From these observations it is concluded -
(i) General ground disturbance will greatly affect
the measured modulus value which, in the case of
real foundations, will not generally be avoidable.
(ii) Any process which causes disaggregation of the
chalk by exceeding the yield stress for example,
may lead to the derivation of an essentially unique
modulus value.
(iii) The relative sizes of the plate and the chalk blocks
or fragments under test is important and must there-
fore be properly scaled.
The relevance of disturbance has already been illustrated by
reference to the long term observations made on the Basingstoke
building but, in any case, it must be self evident to a large
degree.
It has already been pointed out that in the present context,
deficiencies and inaccuracies arising from assumptions about stress
distributions and the application of elastic continuum theory are
considered to be an essentially second order problem. However,
there is one respect in which this may not be the case. Following
suggestions by Gibson (1967), Carrier and Christian (1973) have
investigated by means of finite elements the effects of a non-
homogeneous half space loaded by a rigid circular plate. The
particular non-homogeneity they studied was a linear increase
in ground stiffness with depth, assuming Poissons ratio -~ - to
remain constant. This they defined as:-
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E E + kzo
where E Youngs modulus of elasticity
E the modulus at the surface of the half
o
space
k slope of the line defining the linear
increase in E with depth
z depth
They showed that whilst the roughness of the test plate
and Poissons ratio did not have too important an effect on the
distribution of vertical stress beneath a plate, the value of
k could be significant. At the limit, when Eclk = CC the
stress influence factor is about 50% greater than for the
corresponding homogeneous case. Consequently, the deformation
modulus could be grossly underestimated and the predicted defor-
mations grossly overestimated.
The available evidence related to k for chalk, Hobbs (1974),
suggests that E /k is likely to be small, between 2 and 5, whicho
reduces the influence factor by one third to a half, and thus the
possible error. However, only by carrying out tests where the
deformations are measured below the centre of the plate, can the
analysis be verified. Nevertheless, this study does show that use
of the simplified Bjerrum approach should be conservative and
therefore safe. However, E is also a function of plate size. When
this factor is incorporated in the Carrier (1973) analysis, it is
found that there is a greater concentration of stress within the
zone below the plate equivalent to one plate diameter, than is so
in the homogeneous case. ThUS, superimposed upon the disturbance
zone due to excavation and preparation etc., there may be a zone in
which stresses have exceeded the yield stress and caused dis-
aggregation. Therefore, for a rigorous analysis it may be
necessary to consider the stress field as operating in an induced
multilayered system. On the other hand, the presence of a rigid
substratum within the field of influence results in an overestimate
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of E and a predicted underestimate of deformation. To this
extent, these two variables would be compensatory, but the matter
is one which would be worthy of further research.
It has already been stated that for field tests to be meaning-
ful, they must bear a proper relationship to the structural
dimensions of the material under test. In chalk this means
primarily the size of the discrete blocks or conversely, the
frequency of discontinuities. However, it is also important to
take account of the condition of any discontinuities, their extent,
width, nature of filling material. For this reason, the Rock
Quality Designation (RQD) of Deere (1964), although valuable in
some circumstances, is not an adequate index. RQD simply denotes
the length of drill core exceeding 4 inches (100 mm) in length
but conveys no information about the joint opening or filling, or
the number of discontinuities in a given distance. Despite these
limitations, Deere et al (1966) in connection with a dam foundation
study programme, used RQD as an index to relate fracture intensity
to rock quality and so to quantify the effect upon rock deform-
ability. The parameter he used was the mass factor - j - defined
as the ratio of deformability of the rock mass to that of the inta~
material within the mass. His results for strong rock, when
converted to fractuvefrequency, show that with less than 2
fractures per foo~ j varied between 1.0 and 0.2 and was therefore
very insensitive in this range. Similarly, for j less than 0.2,
fracture frequency covered a wide spectrum from 2 to 10 per foot.
Clearly, such a relationship has many shortcomings, for example,
the method used to determine the intact modulus, conditions of
test, method of strain measurement, the two dimensional measure
of discontinuity spacing (a volumetric measure WOUld be better),
etc. Despite these limitations the presentation can be of value
and on Fig. 7.7 the results of the Basingstoke and North Orbital
Road tests have been plotted, together with results from several
233
other sites reported by Hobbs (1974). The chalk grade classifi-
cation proposed by Ward et al (1968) has been included for refer-
ence. The extreme sensitivity at low fracture intensity apart,
the plot shows by the scatter of results, the influence of the
openness, condition and filling of the fractures. Thus, provided
they are clean and tight, high frequency fracturing does not
necessarily lead to very low j values. It can also be inferred
that for massive rock with a fracture spacing less than 1 per
foot, the difference between intact and field modulus is very
small, if not negligible. Thus, an in-situ test should be capable
of testing a rock mass larger than 1 foot wide. In practical terms
this is considered to imply a minimum test dimension of 2 to 3
feet for low frequency fracture spacing.
In the light of this discussion, the results of the Basingstok
tests on moderately blocky chalk (2 to 6 fractures per foot) can
be examined. On Fig. 7.8 the average settlement of plates of
various diameter have been plotted against applied pressure. The
curve for the 1 foot plate is far removed from those for the 2
and 3 foot plates and the calculated modulus values reveal a
similar marked difference. Therefore, it is considered that there
is justification for neglecting the moduli derived from the 1 foot
plate tests.
This decision has been tested further by examining the
relationship between the settlement of the test plates and found-
ations at a common stress level. In a homogeneous elastic medium
it can be shown that the elastic settlements 81 and"82 of two
plates of width Bl and B2 loaded to the same intensity of pressure
are simply related by the expression -
82 B2 E 7 2•••••••••• qn. ,.
Bl
=
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However, for sands, this has been shown to lead to great
errors, Terzaghi and Peck (1967), Bjerrum and Eggestad (1963) ana
D'Appolonia et al (1968) and a more general equation was proposed
of the form -
=
[
BB21]0(.....•........ Eqn. 7 •3 .
Values for c( of 0.3 to 0.8 were derived, which Meigh (1963)
suggested was dependant upon density and grading. Since chalk
exhibits properties in keeping with a frictional soil, Lake and
Simons (1970) suggested that a similar approach may be appropriate
for chalk, the 0(
the type of chalk.
value perhaps being different, depending upon
At that time , it was suggested that 0( = 1.0
be taken.
Processing the Basingstoke data, using first the 2 ft and
then the 3 ft diameter plate as datum (SI) it can be seen from
Fig. 7.9 that both approaches are in close agreement ana suggest
that ex = 1.0 is a gooa approximation, at least to B2/Bl;f 10.
The calculations to derive the curves have used the total measured
foundation settlement but, if the foundation settlement figures
are reduced to eliminate possible disturbance effects, as discus-
sed earlier, then it is found that there is no apparent correl-
ation. Although there may be some compensating errors involved,
the secant modulus derived from the virgin test load curve closely
models the conditions obtaining for a normal foundation excavation ,
construction and loading sequence. Therefore, it supports the
inclusion of total foundation settlement in the calculations to
derive a correlation.
The only documented test programme with which a comparison
can be made, is the Mundford work, Ward et al (1968) and Burland
(1970), but there are considerable difficulties in effecting the
comparison. This arises because the maximum stress imposed by the
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test tank was only 1.67 tons/ft2 and the chalk sequence consisted
of a strongly developed multilayered system. Thus, 66% of the
measured short term strain occurred within the top 12.5 ft
(Grade V chalk) and a further 12% in the underlying 11.5 ·ft
(Grade III - IV). The balance of strain (22%) took place between
24 ft and 91 ft below surface (in Grades II and III). Further,
only one plate test was made in the uppermost layer of Grade V
chalk, and two in the underlying Grade III and IV material.
Since in a subsequent publication by Burland (1974) it was shown
that a threefold increase in strain occurred in the Grade III to
IV chalk over approximately one year, considerably more might be
anticipated in the Grade V chalk, although this information was
not published. As a crude estimate, if the total immediate
vertical strain beneath the centre of the tank is used to derive
a general ground modulus, a value of 6250 tons/ft2 is obtained.
If this is recalculated for the settlement after 1 year, assuming
the strains in levelland level 2 also increase threefold, then
the value reduces to 2300 tons/ft2• For the low stress level
involved this appears quite reasonable.
Burland's plate bearing test results have also been
reinterpreted to derive a secant modulus at a nominal ground
pressure of 4 tons/ft2• It has been necessary to scale off
published curves and therefore, the values can only be approximate.
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Test Depth 2 E from tankGrade EDs tons/ft test *
T 4.1. 3.43 V 4,000 4,000-. - - . -----------
T 2.2 3.18 IV 4,000
T 4.2. 5.97 IV 6,300 - - ------_ ----_.
T 4.3. 7.77 IV-III 11,300 18,400-- -------_----
T 2.3. 5.44 III 12,500
T 3.1 2.56 III 9,400 18,100
T 4.4. 11.38 III 7,500 - - -------- - --
T 2.4. 7.40 II 11,300
T 2.5. 9.00 II 9,400
T 3.4. 10.88 II 11,300
T 3.5 12.90 II 8,700
T 4.5. 13.56 II 14,100 48,000
T 4.6. 16.52 II 8,700 (Laboratory value
(
T 4.7. 19.50 II 18,800 ( 69,000 avg ,
T 4.8. 22.65 II 8,700 -- - -- - - - - - ----
T 3.6. 16.53 11-1 22,500
T 3.2. 5.59 I 37,500
T 3.3. 8.07 I 37,500
)
)
)
* E from tank test are those quoted by Ward et al (1968)
corresponding to a pressure of 1.67 tons/ft2•
For the poorest grades of chalk, there appears to be a
measure of agreement between the plate and tank test moduli. With
the better grades, however, there is increasing disparity. Lab-
chalk and E values
only carried out on intact specimens of Grade II
2between 59,000 and 74,000 tons/ft were obtained
69,000 tons/ft2• There are two factors which
oratory tests were
with an average of
may account for the poor agreement; the first is the very low
stress level imposed by the tank and the second is the effect of
237
the multilayered grovrn:l:system. It is worthy of note that
pressuremeter tests carried out by Hobbs (1970) in the vicinity
of the tank test gave very much lower moduli, which only showed
agreement with the post yield stress modulus Ey of Burland. Even
then, it was the higher reloading modulus E+ derived from the
pressuremeter tests, that were used for the comparison.
The comparative results are summarised below:-
Elastic Moduli - tons/ft2
Chalk EDs E tank E lab. E+ Ey
Grade (Writer) (Burland) (Burland) (Hobbs) (Burland)
V 4,000 4,000 370 410
IV 4,000 - 6,300 800 480
III 7,500 - 12,500 18,100 1,660 1,640
II 8,700 - 18,800 48,000 69,000 15,700 21,600
I 22,500 - 37,500
Note: Ey is the modulus defined by Burland as that for the
linear part of the stress/strain curve beyond the
yield stress.
To summarise, unlike the Basingstoke tests on a relatively
homogeneous chalk sequence, the Mundford test programme on a
strongly stratified sequence, failed to provide any agreement
between prototype performance and field or laboratory tests, except
for the poorest grade of chalk. Instinctively, one feels that
Burland measured the tru ly elastic modulus E with his tank test,
whereas most other workers are probably recording a deformation
modulus ED which incorporates elastic as well as other short-term
permanent deformations.
Clearly, large scale testing is an expensive procedure and
will seldom be justified except for major undertakings. Therefore,
there is a need to attempt correlations with simpler, less sub-
238
jective test procedures. Alternatively, techniques may be
required to enable the results of sophisticated tests to be extra-
polated to other areas of the project. Some possible approaches
to this matter are considered below.
Deere and Miller (1966) found that when compressive strength
was plotted against modulus on a log/log scale, lithologically
similar materials tended to fall into diagonally distributed
groups. Deere used the tangent modulus at half compressive
strength but in Fig. 7.10 the initial tangent modulus EDt and the
inferred undrained shear strength - c from the plate bearingu
tests have been used. The distribution of chalk is unusual in that
the modulus ratio - EDt/c spans three orders of magnitude, and
u
the distribution is vertical rather than diagonal. Hobbs (1974)
used compressive strength and a secant modulus related to a typical
bearing pressure and showed a similar distribution but with even
higher modulus ratios. The high modulus ratio of chalk is
attributed to its porous structure since pores, as distinct from
cracks, reduce the strength of the material but have little effect
upon deformability, Walsh and Brace (1966). Conversely, the pres-
ence of cracks influence both the strength and the deformability 01
a material.
Clearly, the form of vertical distribution on this plot makes
the correlation of limited practical value, especially when the
difficulty of actually determining the strength of chalk is taken
into account.
A potentially much more useful correlation is that between
deformation modulus and the standard penetration value (SPT)-N-
which in turn can be approximately equated with chalk grade.
As discussed earlier, it is essential that the SPT's are
carried out properly and consistently in undisturbed material.
Further, it is essential that tru ly comparable modulus values are
used if the data is to be meaningful. With these precautions,
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Fig. 7.11 illustrates the good correlation obtained between SPT's
and tangent moduli EDt from small diameter borehole plate tests.
It will be noted that the results of incremental and CRP tests are
included, as well as those of tests made above and below the
watertable and,in two cases, of tests made in borehole~unlined at
the test level. Further, somewhat different correlations can be
obtained for individual sites, and the broken line in Fig. 7.11
shows one for the North Orbital Road results alone. The relation-
ship originally proposed by Wakeling (1970) for foundations subject
to large settlement ('A' - line) is also shown to facilitate
comparison.
For the reasons already discussed, the general correlation
on Fig. 7.11 is not being proposed as a general relationship, this
would be far too simplistic. Rather, the plot illustrates that
the crude dynamic SPT can be employed successfully to establish a
measure of the ground modulus and also a modulus profile, for a
particular location.
7.3. Field Time Dependent Deformation - 'Creep'
The foundation settlement observation at Basingstoke made by
the writer over a 36 week period, Fig. 7.6,did not apparently
detect significant long term time dependent deformations. To
some extent, this could be a function of the limited period of
observation and the limited accuracy with which the measurements
could be made. However, for the quality of chalk involved,
Grades II and III, Burland (1974) has shown that at Mundford no
significant movements occurred after about 14 weeks. This did
not apply to Grade IV chalk (or by implication to Grade V although
this is not included), where deformation was continuing linearly
with time for one year, when his test was stopped.
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Two points may be important in this connection:-
(i) The stress level was very low, far below the yield
stress and,
(ii) loading was accomplished by filling the test tank
with water in two days, far faster than construction
loading would normally take place.
Nevertheless, taking the observed deformations at face value,
Burland suggests that the ratio between the long term and short
term moduli for chalk Grades V, IV and III are 0.2, 0.3 and 0.5
respectively.
This is broadly consistent, although a little conservative,
in relation to the performance of a raft foundation on Grades IV
and 2V chalk at Reading, loaded to about 0.5 tons/ft, Burland et
al (1974). In this case settlemenmappear to have been essentially
completed after about 55 weeks, giving a ratio of long to short
term settlement of about 0.5. The precise figures are complicated
by the occurrence of construction works adjacent to the building.
For creep deformations, which occur at ground stresses
exceeding the yield stress, Burland (1974) has suggested that
it may be expressed as a proportion of the immediate settlement
by means of a parameter -
R = Settlement 1 log cycle of time
Immediate settlement
He found R to lie between 10 and l5%,for a wide range of pressures
1
from his plate bearing tests.
The writer has already shown with laboratory tests, that the
creep of chalk appears to be a linear function of log time; Burlan~
appears to agree with this finding. However, there are practical
difficulties in determining what constitutes immediate settlement
and although Burland's approach may be useful as a guide, the
writer would prefer to treat creep separately. With the present
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dearth of real data on this subject, the argument becomes rather
academic, especially when the only two documented cases are
somewhat contradictory. At Mundford, Grades IV and V chalk showed
significant creep continuing up to 53 weeks with no apparent
slackening in the rate. The Reading data, Burland (1974),relates
to the same chalk grades and suggests that settlement had virtually
finished within this same period.
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8. SUMMARY OF ENGINEERING PROPERTIES
Data relating to laboratory and field studies has been
presented and discussed in Sections 6 and 7 respectively.
Where ever possible, comparisons and/or discrepancies have been
highlighted. Further discussion will be included in the
subsequent Sections dealing with foundation design. Therefore,
as a simple ready reference, it has been thought desirable to
summarise as far as possible, all the essential variables. This
has been done in Table No. 8.1.
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9. SPREAD FOUNDATIONS IN CHALK
9.1. Bearing Capacity Considerations
Chalk is commonly assumed to be a fully saturated material,
clearly identifiable as weak or very weak rock at one end of
the spectrum and a firm to stiff soil at the other. In many
situations, the descriptive classification stiff to very stiff,
as though applied to a soil, would best represent the nature of
much Middle and Upper Chalk. Field and laboratory tests have
been carried out leading either to a direct measure of shear
strength or enabling it to be obtained by indirect means. In
turn, the strength may be considered in terms of total or
effective stresses.
Using plate bearing tests, the stress/deformation
behaviour of chalk has been shown to be unusual, in having a
yield stress far removed from the ultimate value. In the first
place, therefore, it is proposed to examine the bearing capacity
of chalk as a function of strength and then to consider the
influence of deformation.
9.1.1. Bearing Capacity in Terms of Total Stresses
Although there is evidence that they may be slightly
conservative, Meyerhof (1951) and Tomlinson (1975), the
Terzaghi (1943) bearing capacity equations for general shear
failure of shallow foundations are sufficiently accurate for
the present purpose.
The net ultimate bearing capacity (qnf) of a square or
circular foundation is given by:
I
qnf = 1.3 c Nc + Po (Nq - 1) + O.4~.B.N~ ....••. Eqn. 9.1.
where c = cohesion of the soil.
Nc, Nq and N~ are bearing capacity factors
,
Po effective overburden pressure at foundation level
~ = density of soil below foundation level
B width of foundation.
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For the special case of a fully saturated soil subject to
undrained shear, so that the angle of shearing resistance of the
soil is equal to zero, the net ultimate bearing capacity (qnf)
reduces to:
= c.Nc
Various workers have shown Nc for a surface footing to vary
between 5.2 for a strip foundation and 6.3 for a square base.
The value of Nc reduces as the shape of the loaded area
approximates to a rectangle and reaches a minimum for a strip
loading; Nc increases with increasing depth of burial, attaining
a maximum value of 9 for a deep circular foundation. For the
present purpose Nc ~ 6 wi 11 be taken.
The apparent cohesions derived from the laboratory and
field tests are as follows:
Undrained triaxial shear
strength 20 - 75 Ib/in2
Plate bearing tests 45 - 180 Ib/in2
which, substituted in the above simplified bearing capacity
equation, yields:
2 2 tons/ft2Cu Ib/in qnf tons/ft qallow
20 7.7 say 2.5
45 17.4 say 6
75 29.0 say 9.5
180 69.5 say 23
In the first instance, to allow for soil strength variations,
localised overstressing and to limit settlement to a generally
acceptable level, a factor of safety of 3 is commonly applied to
the net ultimate bearing value to derive the allowable (really
only the safe) bearing pressure (q 11 ).a ow
These allowable bearing pressures can be compared with the
6 tons/ft2 indicated in the Code of Practice (CP 2004 - Foundatwns
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for hard massive chalk and the revised values suggested by
Tomlinson (1975) of 20 tons/ft2 for similar material when "free
of wide fissures".
When making an assessment of the foundations potential of
virgin jOinted chalk from a visual examination in trial pits, the
writer has never recommended a bearing pressure less than 2 tons/
2 2ft and most commonly a value between 3 and 4 tons/ft has been
given. Higher values have only been recommended following a
detailed assessment, supplemented by field tests, as in the case
of the AA Building at Basingstoke. The design pressure for the
raft foundation to this 20 storey tower block was a little more
than 6 tons/ft2. In no case to the present, has difficulty
been experienced such as to indicate that the design pressure was
too high. For very weathered residual or poor quality derived
chalk materials, pressures between 1 and 2 tons/ft2 have generally
been applied.
Summarising, the writer's experience to date has shown that
bearing pressures up to about 6 tons/ft2 have proved satisfactory,
which can be equated with a maximum apparent cohesion of about
451b/in2.
However, very few plate tests when taken to failure give
cohesion values corresponding to less than 60 Ib/in2 suggesting
2that bearing pressures of the order of 8 to 10 tons/ft should
be the norm. On the other hand, the mean yield stress (q ) about
y
which there is significant variation, varies between 5 and 7 tons/
2ft for the lower and higher grades of chalk respectively.
(See Section 7.1.) Certainly to stay at a level below the yield
stress would seem to be safe, but it may be unduly cautious.
Plate tests indicate a marked change in the rate of increase in
deformation above the yield stress, but there is no evidence to
indicate that it is necessarily unsafe to exceed this value.
Indeed, the stress induced by many piled foundations must greatly
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exceed the yield stress and yet they appear to perform
satisfactorily. Therefore, it is concluded from strength
considerations, that at least a modest excess over the yield stres
follow as a consequence.
is permissible, subject to any settlement restrictions that might
9.1.2. Bearing Capacity in Terms of Effective Stresses
Effective shear strength parameter derived from a variety of
below:
tests have been described in Sections 6.7.3. They are summarised
Drained:
c' d 5.2 lb/in
2
6.9 lb/in2c'd
0' = 38.8°d
0'd 33.6° (intact specimens)
Consolidated undrained with p.w.p.:
c'cu 6.4lb/in2
c' = 36 lb/in2cu
c' 0cu
Residual:
5 lb/in2
c' 0r
0'cu 39°
0'cu = 36° (intact specimens)
0'cu = 33° (completely remoulded)
0' 38°p
0' 38°r
The above values are all the averages of a number of tests of
each type. For the present purpose, typical values of c' = 4 Ib/
in2 and ~' = 38°, c' = 0 and ~' = 38° with a lower bound of
c' = 0 and ~' = 33°, would seem appropriate.
Applying the bearing capacity, Equation 9.1, for a shallow
square foundation, with the appropriate bearing capacity factors
and substituting the above strength parameters, leads to the
following estimate of net ultimate bearing capacity for a variety
of foundation widths. The initial figures apply to a deep water
table condition and those in brackets with the water table at the
ground surface.
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2Size of: Net Ultimate Bearing Capacity tons/ft
Square c' 4 Ib/in 2 c' 0 c' 0= = =
Foundations 0' = 38° 0' = 38° 0' = 33°
5 ft 54 (44) 21 (11) 8 (4)
10 ft 62 (48) 28 (15) 11 (6)
15 ft 69 (52) 36 (19) 15 (8)
This analysis emphasises the disproportionate effect of the
cohesion term. In practice, even completely remoulded chalk has
been found to be slightly 'thixotropic' and regain some cohesion
with time, Tomlinson (1975). Therefore, to take the full residual
shear strength parameters should be grossly conservative and also
to assume that the c' term is always zero. Thus, for practical
purposes, the middle column conditions (c' = 0 and 0' = 380)
should represent a realistic lower bound for estimating bearing
capacity. In reality, although the cohesion term may be small,
it is most unlikely that it would be zero and even c' = 1 lb/in2
increases qnf by 8.4 tons/ft2. With this in mind and applying a
factor of safety of 3 to the estimated ultimate values, then
allowable bearing pressures in the range of 7 to 12 tons/ft2 for
the foundation sizes considered could reasonably be assumed. This
is broadly in agreement with the calculations based on a total
stress analysis but again, exceeds the average yield stresses for
chalk.
It is concluded that purely on strength and bearing capacity
considerations, bearing pressures in excess of 6 tons/ft2 and at
least up to 10 tons/ft2 would appear to be acceptable for virgin
chalk, increasing to perhaps 20 tons/ft2 for the hardest massively
bedded varieties of chalk. For reconstituted, (remoulded/
recompacted) chalks an allowable bearing pressure of around
2 tons/ft2 appears to be justified. However, as with all foundatiol'
design problems, it is also necessary to examine the settlement
268
properties of the foundation ~aterial. Clearly, especially in vie~
of its enigmatic behaviour, chalk should be no exception to this
practice.
9.2. Settlement of Spread Foundations
For the purposes of this discussion it is proposed to
distinguish between foundations placed in totally reconstituted
chalk and those in virgin chalks, the latter varying from the
moderately weathered to completely sound chalk.
9.2.1. Completely Weathered and Recompacted Chalks
In the first category, it has already been shown that the
nature, strength, mode of deformation and compressibility
characteristics of such chalk are compatible with a fine grained
granular soil. Therefore, it would seem reasonable to predict
settlement from tests as though it were such a soil. This
approach is examined below with respect to published observations.
Consolidation tests on recompacted material, see Section 6.6,
have given an average m of 0.0060 ft2/ton for zero air voids andv
0.0094 for 10% air voids. With moderate compactive effort, a mean
m of 0.008 ft2/ton should be achievable. The above values are tov
be compared with the average of 0.004 ft2/ton obtained from open
drive samples taken from seven different sites (see Table 6.4).
Taking a typical case of a 30 ft high chalk embankment, a
crude estimate of the settlement of the embankment itself can be
made from:
S = mv· Ap'av· H
coefficient of volume decrease.where mv
Ap'av = average increase in stress taken to be that due
to half the embankment height
H = total height of the embankment
substituting into the above equation, the settlement at the centre
of the embankment:
s 0.008 x 12 x 0.8 x 30
= 2.3 inches.
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The settlement of chalk embankments when lightly and well
compacted vary from 0.4 to 1.1% and 0.2% of the embankment height
respectively, Road Research Laboratory (1953). Taking an
average for the former condition of 0.7%, then the predicted
settlement for a 30 ft high embankment would be 2.5 inches, similar
to the above estimate.
If the average m of 0.004 ft2/ton is used ina similar analysisv
and compared with the 0.2% value, the following results are
obtained:
S with mv 0.004 1.15 inches
S for 0.2% H 0.72 inches
Although the predictions differ, the measure of agreement is
considered to be of a high order, bearing in mind that the best
soil mechanics predictions seldom achieve an accuracy better than
+ 25%.
Having demonstrated that it is possible to predict the
settlement of an embankment with a reasonable degree of accuracy,
the records of two buildings can be examined; Burland et al (1970
and 1974).
At Mundford, the settlement measuring instruments showed that
66% of the measured settlement beneath the test tank occurred
within the uppermost 12.5 ft of chalk (Grade V) and 12% in the
underlying 11.5 ft (Grade III-IV). Further, the total settlement
after 1 year increased threefold in the latter layer and (by
inference from Burland's (1974) suggested R factor of 0.2) four to
five fold in the former.
At Reading, a 26 ft thick layer of Grade V and VI chalk was
present above Grade IV material, with unweathered chalk at about
40 it below the surface of the chalk.
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Applying the expression:
S I.pm • AP'. B.v
where S settlement of the foundation
I influence factor which takes account of stress
distribution and foundation geometry
m coefficient of volume decreasev
ocorrection to oedmeter m related to geometry,. v
and stress history of material; Skempton and
Bjerrum (1957).
B minimum dimension of loaded area.
Then at Mundford:
Tank diameter B 60 ft.
0 - 12.5 ft b.s. Hl/B
12.5 0.21 and II 0.20=60
12.5 - 24 ft b.s. H2/B
24 0.40 and I2 0.36 -0.20=60
0.16.
For layer 1:
S 0.20 x 0.40 x 0.004 x 1.67 x 60 x 12
= 0.385 inches (8.2 mm)
For layer 2:
S 0.16 x 0.40 x 0.004 x 1.67 x 60 x 12
= 0.29 inches (4.9 mm)
These predictions, based on an average m from tests fromv
other sites, compare with the measured or deduced settlements
after 1 year of 0.27 to 0.34 and 0.04 inches respectively. The
settlement calculated for the upper layer is about 25% greater
than the observed value whilst for the better grade chalk in
layer 2, there is a gross overestimation.
Applying the same approach to the Reading records:
6 - 32 ft b.s. Hl/B = 26/41 = 0.63 whence II = 0.50
For the 26 ft thick stratum of Grade V - VI chalk:
S = 0.50 x 0.40 x 0.004 x 0.53 x 41 x 12
= 0.21 inches (5.3 mm).
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From the evidence of the Mundford observations, it seems
reasonable to assume that the greater part of the settlement would
occur within the upper 26 ft thick layer of very poor chalk. In
this case, the foundation probably tends to a rigid condition
and, therefore, the predicted settlement should be adjusted
accordingly, giving 0.21 x 0.8 = 0.17 inches (4.3 mm). The total
observed settelments at Reading ranged from 4 to 8 mm with an~
average of about 6 mm and it is apparent that a prediction based
upon laboratory consolidation tests has given values of the right
order.
To summarise, it appears that completely weathered and
compacted soft chalks can be regarded as a soil and settlement
can be predicted safely and with reasonable accuracy from
standard laboratory consolidation tests. Such tests should be
interpreted in the conventional manner in which case the
calculated m will include initial, primary and secondaryv
compression. Calculated in this way, it appears that no
additional allowance for 'elastic' settlement of the foundation
material is required.
It is interesting to note that D'Appolonia et al (1918) in
their extremely valuable study into the laboratory and field
behaviour of natural and compacted sands, also found that
standard oedometer' tests provided the most accurate method
for settlement prediction. They did find, however, that for
tests on compacted sand, the mv from the reloading curves were
appropriate. Theoretically, such agreement is most surprising,
because compression of sands is achieved primarily by lateral
shear displacement, which cannot occur in the ko consolidation
conditions imposed by the standard oedometer test.
9.2.2. Moderately Weathered to Unweathered Chalks
In practice, those chalks in which the original structure can
be clearly identified fall under this heading, even though the
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intensity of fracturing may be very high. Open fissures and
joints, traces or pockets of foreign matter may occur within the
heart of otherwise very strong and massively bedded chalk, but
this does not invalidate the classification of the chalk.
Settlement observations for spread foundations are available
for: The four storey building at Basingstoke, Lake and Simmons
(1970); the five storey building at Reading, Burland et al (1974);
Medway Bridge Wakeling (1965): the test tank at Mundford, Burland
and Lord (1970).
Both the Reading and Mundford settlement data is dominated
by the effect of a mantle of highly weathered chalk which has
already been shown to account for 78% or more of the total
observed settlement experienced by these structures. Further,
the intensity of pressure 0.53 and 1.67 tons/ft2 for Reading and
Mundford respectively, was low in relation to the load carrying
potential of Grades I to IV chalks.
The Medway bridge piers, with plan dimensions 31 x 106 ft,
produced a mean effective pressure of 5.8 tons/ft2. However, the
piers were taken to a depth of over 36 ft below the surface and
over 20 ft into the chalk, so that skin friction generated on
the sides of the piers could have been very large. The total
load produced by each pier is estimated to be:
31 x 106 x 5.8 = 19,100 tons
The total surface area of the pier embedded in chalk is:
2 (31 + 106) x 20 = 5,480 ft2
Concrete/chalk adhesion is unlikely to be less than
O.~ tons/ft2 and could be much greater and the following figures
are obtained using a range of possible adhesion values:
Adhesion Factor Total Load carried by Side Friction
0.4 tons/ft2 5,480 x 0.4 = 2,190 tons
0.6 tons/ft2 0.6 = 3,290 tons
0.8 tons/ft2 0.8 = 4,380 tons
1.0 tons/ft2 1.0 = 5,480 tons
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From this simple analysis, it is apparent that to assume that
the load is carried entirely on the pier base could lead to a
gross error if used to compute a deformation modulus for the
foundation material. Further, no SPT or plate bearing test data
are available for this site, so that this case record has to be
used with caution.
There remains only the Basingstoke data with which to
formulate settlement design proposals for foundations constructed
directly in virgin ·chalk, and this will now be considered.
Settlement prediction for the 6.5 and 11 ft square bases
producing a net increase in pressure of 3.4 tons/ft2 can be
attempted with the standard consolidation test data. This
includes tests which gave conventional concave downwards
settlement/log pressure curves and those which produced a linear
settlement/log time curve.
The expression for settlement S, given above can be used with
the addition of a rigidity correction R and depth correction D,
Fox (1948). Thus the expression for settlement becomes:
S = ""m. I. A p'. B. R. D.v • . . . . . . . .. Eqn. 9. 4
The influence factor I has been determined assuming the
stresses induced by the foundation is significant only to a depth
equivalent to 1.5B and p. is based on the average porewater pressure
coefficient A of 0.2 measured in the triaxial tests.
For the 6.5 ft square base:
S = 0.4 x 0.002 x 0.8 x 3.4 x 6.5 x 0.8 x 0.85 x 12
0.12 inches (2.9 mm).
and for the 11 ft square base:
S 0.4 x 0.002 x 0.8 x 3.4 x 11 x 0.8 x 0.73 x 12
= 0.17 inches (4.3 mm).
If the)A factor is neglected the predicted settlement increase
to 0.30 and 0.43 inches. In both cases additional elastic
settlement has to be added. Another possible variation is to the
influence factor; if this were modified to conform to a stress
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field significant only to a depth B, then the above settlements
are reduced by 12!%.
The above figures, without the addition of elastic
settlement, under-estimates the total observed settlement by 27%
and 33% respectively. The agreement would be much closer to the
observed values if the initial foundation bedding settlement were
subtracted from the total observed values. Alternatively, in the
early days of soil mechanics, it was not uncommon to assume that
elastic deformation was about 1/3 to 1/4 of the predicted final
consolidation settlement for heavily over-consolidated clays. On
this basis, the above calculations with a 25% addition for
elastic deformation, would appear to provide an extremely accurate
prediction.
The linear settlement/log time curves obtained from the
intact specimens gave an average C~ of 0.000327 inches per inch
per log cycle of time. If the stress field is again assumed to
extend to 1.5B and the period of prediction is limited to
36 weeks (6.3 log cycles) when settlement observations were
terminated. Then:
For the 6.5 ft square base:
S = 0.000327 x 6.3 x 6.5 x 1.5 x 12
0.24 inches (6.1 mm)
For the 11 ft square base:
S 0.00327 x 6.3 x 11 x 1.5 x 12
= 0.41 inches (10.3 mm)
The above calculation has resulted in an over-estimate of
settlement by more than 50% for the 36 week period. Since the
laboratory tests suggest that settlement continues indefinitely
on a linear log scale, even larger final settlements would be
predicted, which could be contained only by setting an arbitrary
time limit. Field observations suggested that foundation
settlement occurred very rapidly, more or less as construction
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proceeded and the loading became effective. Therefore, the
justification for using a time dependent basis for settlement
prediction of chalk can be questioned. Further, as the answers
produced appear to be greatly in error, the general approach does
not seem viable.
An alternative method of predicting settlement would be from
the moduli, derived either directly or indirectly from laboratory
tests. It has already been pOinted out in Section 6.8.2. that
the moduli derived from the intact block sample specimens have
probably been affected adversely by prior saturation and
dissipation testing. The average· tangent modulus from these
tests was 350 tons/ft2 which, if used to predict settlement,
results in over-estimates of settlement by 150 to 180%. However,
using the relationships between modulus and SPT established for
Tilbury, Theale and North Orbital Road, Figs. 6.40 and 6.41, it is
seen that for an SPT value of 20 to 22 (relevant to Basingstoke),
an undrained modulus between 680 and 800 tons/ft2 is indicated.
Drained moduli from Theale (Section 6.8.3.) were of a similar
order, the average value being 800 tons/ft2.
Transposing Equation 7.1 for settlement (8), and substi~uting
2a mean value for E of 800 tons/ft then for the 6.5 ft square
base:
S 0.5 x 0.85 x 3.4 x 6.5 x 1.25 x 12
800
= 0.18 inches (4.5 mm)
and for the 11 ft square base:
S = 0.5 x 0.73 x 3.4 x 11 x 1.25 x 12
800
= 0.25 inches (6.4 mm).
These predictions are +12.5% and -2% of the actual observed
total settlements respectively and imply that the deformation
moduli from open drive samples can be used satisfactorily for
settlement predictive purposes. Further, by inference, that the
SPT's appear to provide a meaningful guide to the ground modulus
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and, therefore, that they too can be used as a basis for the
settlement prediction.
Correlations have been proposed between the ground
deformation modulus and SPT, Wakeling (1970), Hobbs (1970 and 1974)
Kee and Clapham (1971) and Hodges and Pink (1971). In all cases
the correlations have relied heavily upon the results of numerous
small scale boreholes or pile loading tests and on the Medway
Bridge observations, of which mention has already been made. This
question has also been discussed in Section 7.2. where, despite
the derivation of good correlations, it was pointed out that there
did not appear to be a unique relationship and further that
there were a number of factors which influenced the values
obtained and hence the resultant correlation. The dimensions of
the loaded area and the intensity of pressure applied were
particularly important in this context. This can be demonstrated
by reference to the Basingstoke observations which correspond to
a settlement equivalent to about 0.2% of the foundation width
and fall between the A line (0.5%) and B line (0.01%) of
Wakeling (1970). It was originally postulated that the two lines
represented the post and pre-yield stress relationship
respectively. Using the A line to predict the Basingstoke
settlements, since the stress level approximates to the yield
stress, the settlement is over-estimated by 95% and 78% for the
6.5 and 11 ft bases respectively.
As more full scale observations become available, it may
prove possible to generate design curves of the type produced by
Wakeling (1970) and Hobbs (1974). However, at the present time,
the data on which existing curves have been based are very few in
number, are not all reliable and/or, include complex variables.
Therefore, this approach to foundation design is not recomm~nded,
except possibly as a very approximate initial guide.
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In Section 7.3 it has been shown for the Basingstoke site,
applying Equation 7.3, the results of the plate loading tests
with the 2 and 3 ft diameter plates can be used to predict the
settlement of foundations up to about 20 ft wide.
Thus, for the 6.5 ft square base:
6.5 3.25 and S = 3.25 x 0.043
0.14 inches (3.6 mm)
and for the 11 ft square base:
= 5.5 and S = 5.5 x 0.043
= 0.24 inches (6.1 mm)
The discrepancy between the predicted and measured
settlement, with the simplifying assumption that ~ = 1.0 amounts
to an under-estimate by 10% and 6% respectively.
If the secant moduli derived from the 2 and 3 ft plates are
used directly to predict settlement, in conjunction with
Equation 7.1 transformed for settlement, then the following
results:
Predicted Settlement - inches (mm)
Base (Secant Modulus Ens )
Size (ft) 2 ft 0 (1390 tons/ft2) 3 ft o (800 tons/ft2)
6.2 square 0.10 (2.6 mm) 0.18 (4.5 mm)
11.0 square 0.15 (3.7 mm) 0.26 (6.5 mm)
The discrepancy produced by the 2.0 ft diameter plate is not
surprising, since this result does not fully comply with the
relationship derived from Fig. 7.9. The prediction from the
3 ft plate is exact for the 11 ft base and over-estimates the
settlement of the 6.5 ft base by 12i%.
The predictions and errors involved in the foregoing analyses
are summarised in the following table:
* Elastic settlement to be added
With the standard consolidation test data the elastic settle-
ment should be estimated separately and would be additional to the
estimated 'consolidation' settlement. Apart from the difficulty
in deciding what the appropriate mv value should be, there is
also uncertainty about whether the term ~ is appropriate.
However, without this term, a gross overestimate results even
before adding the elastic component. Using the linear log time
relationship also results in a gross over-estimate and provides
no guide as to the extent of time that should be applied. Unlike
the situation with completely weathered or compacted chalks, the
consolidation test appears to have a very doubtful role to play in
connection with predicting the deformation behaviour of virgin
jointed chalk.
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The initial tangent moduli derived from immediate and
consolidated undrained triaxial tests, correlated against SPT's,
has given a very good prediction. On the other hand, the SPT
used in conjunction with the A line correlation with deformation
modulus proposed by Wakeling, is seriously in error.
Predictions based on plate bearing tests, provided they are
of an appropriate size, have given consistently good results and
appear to be the most reliable method of predicting settlement of
real foundations.
In so far as it is possible, it is now proposed to test these
conclusions by reference to the Medway Bridge foundation
observations. The piers were located 37 ft below the surface and
22 ft below the top of the chalk. The total load is estimated to
be 19100 tons on a plan area of 31 by 106 ft producing a net
loading of 5.8 tons/ft2. The average measured settlement was
1.3 inches.
If it is assumed that side friction causes a load dispersal
emanating at two thirds the penetration into the chalk and at an
angle of 300 to the vertical, then the equivalent foundation
dimensions at base level becomes 41.2 and 116.2 ft and the
19100 2modified base pressure 41.2 x 116.2 = 4.0 tons/ft. Wake ling
(1965) estimated the SPT value to be 30 and from the writer's
Fig. 6.4', relevant to Ti1bury/pravesend, the predicted tangent
modulus for this SPT value is 1050 tons/ft2. Substituting into
Equation 7.1 transposed for settlement s:
S = 0.7 x 0.82 x 4.0 x 41.2 x 1.25 x 12
1050
1.34 inches,
which compares closely with the average observed value of
1.3 inches.
The prediction is so good that it merits plotting on Fig. 7.9.
For this purpose the 2 ft test plate has been used as datum with
2BO
the settlement at 4 tons/ft2, corresponding with the modified
pier foundation pressure and the foundation dimension modified
to equate with the circular plate. Thus:
Bfound 41.2 x 0.B7 IB and
B2 ft plate 2
S 1.3found lB.S 0.0722 ft plate
This result conforms to the ~ = 1.0 curve and extends the
application of the relationship to very large foundations,
exceeding 40 ft in size.
With the exception of the Mundford observations related to
the low grade chalks at a high level, all the available
information on settlement indicates rapid completion of the
settlement of foundations placed in chalk. This is consistent
with the results of laboratory dissipation, consolidation and
permeability tests. There must remain a question mark over the
time dependant deformation of low grade chalk, but for the higher
grade virgin chalks, the available evidence supports the view that
settlement occurs essentially as construction proceeds.
9.3. Conclusions
Where strength is the dominant factor, the following bearing
pressures can be applied by spread foundations:
(a) In completely weathered and/or remoulded and
recompacted chalks - 1 to 2 tons/ft2 (100 to
200 kN/m2) (Grades VI and V).
(b) In moderately weathered virgin jOinted chalks -
up to 4 tons/ft2 (400 kN/m2), increasing to
6 tons/ft2 (600 kN/m2) in slightly to
unweathered chalks (Grades IV to III).
(c) In strong massively bedded virgin jOinted
chalks - 10 to 15 tons/ft2 (1100 to 1600 kN/m2)
(Grade II).
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(d) In very strong massive chalk, up to 20 tons/ft2
(2100 kN/m2) (Grade I).
Settlement will generally limit the pressure that can be
applied in practice and this can be estimated with sufficient
accuracy:
(e) For spread foundations in completely weathered
and/or remoulded recompacted chalk, from standard
laboratory consolidation tests using an appropriate
porewater pressure coefficient to modify mv'
No allowance need be made for elastic settlement.
(f) In moderately weathered to strong
chalks, from plate bearing tests using the
relationship:
wi th 0( = 1 .0.
It would be prudent to allow for a difference on the
predicted settlement of ± 25%, to take account of variations in
ground conditions, disturbance, inaccuracy in the predicted
structural loads, non-uniform distribution of load and general
limitations in method of settlement prediction.
Settlement should generally take place as constru~tion
proceeds.
In temperate regions such as the United Kingdom, spread
foundations should be placed at least 2 ft below the surface, to
protect against frost heave.
10. PILED FOUNDATIONS IN CHALK
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10. PILED FOUNDATIONS IN CHALK
10.1. General Observations
There is little doubt that piled foundations in chalk have
been employed unnecessarily in many situations; this is certainly
the writer's experience and similar observations have been made by
others, for example Hobbs (1974). Amongst the piling proponents,
there are two groups of protagonists, the one advocating the
virtual exclusive use of driven piles and the other the
exclusive use of bored piles.
Where piles are constructed into chalk above the water table,
there is no reason why a bored cast in place pile, whether straight
shafted or under-reamed, should not be used. Indeed because of
the susceptibility of chalk to disaggregate and reduce to a putty-
like condition when subject to high stress concentrations, a non
displacement form of pile construction appears to have positive
merit. Further, it is possible to check the quality of the chalk
at founding level with such piles, especially important with
large diameter cylinder and under-reamed piles. Consequently,
loads can be placed with confidence, in good quality chalk at a
high pressure and with the minimum settlement.
When piles have to be constructed in chalk beneath the
water table, the quality of the founding material cannot be
checked directly. Further, the writer has found that it is not
possible to be sure that the base of a pile borehole has been
properly cleaned, even when concrete is carefully tremied*. Indeed,
the tools necessarily employed tend to disturb the chalk a
considerable depth below the physical bottom of the pile hole,
certainly to a depth equivalent to a pile diameter. In such
* Note: Provided the tremie pipe is pushed to the base of any
remaining disturbed material in the pile borehole, it is
claimed that it is displaced by the concrete. Observation by
the writer, however, raises serious doubts about the efficacy
pt this process.
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circumstances, the use of a driven type of pile clearly has
advantages, even though general lateral ground disturbance is much
greater. Whether driven cast in place or precast driven piles are
used may not be too important. The former allows maximum ground/
pile contact and interpenetration but such piles are susceptible
to loss of integrity when the temporary pile casing is withdrawn
or when very soft chalk slumps and induces "necking". On the
other hand, whilst structural integrity can be assured with most
precast piles, they may not develop the same degree of adherence,
interpenetration of the surrounding ground may be less effective
and there is reduced flexibility with respect to pile length.
Furthermore, driving resistance records have not always been found
to be reliable in determining the satisfactory founding of
driven piles. This is particularly so in the weaker varieties of
chalk, where it has not been possible to achieve a "set",
Cornfield (1970). The poor resistance is attributed to
disaggregation and the build-up of excess pore water pressure
during driving, since a short rest period usually shows a
considerable increase in the redriving resistance.
Without any data to support the view, the writer would not
recommend the use of steel H piles in chalk as a load bearing
member. Such piles cause minimum displacement and, therefore,
would not tighten up the ground, their flexibility is likely to
produce a relatively extensive zone of disaggregated chalk
around the pile and high stress concentrations are likely to
occur around the pile toe, which could lead to yielding and
consequentlY,excessive ground deformation. Additionally, it will
be shown later that very low adhesion values have been obtained
between chalk and steel.
The theoretical bearing capacity of piles can be calculated
using conventional sOil/rock mechanics principles in terms of
total or effective stress. In the following discussion, both
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will be considered and related to calculations based upon field or
prototype tests and observations. Load/settlement behaviour will
then be examined, since a reduction in settlement is often an
important reason for using piled foundations rather than spread
foundations.
10.2. Bearing Capacity of Piled Foundations
The load carrying capacity of a pile is derived from two
components, shaft friction and end bearing. The magnitude and
relative importance of each is dependent upon such factors as
the general soil/rock stratification, nature and strength of the
ground, geometry of the single pile and pile group, method of
construction, rate of loading and the material with which the
pile is constructed. A most valuable summary of the current
position on the design, construction and deformation of piles is
to be found in Chapters 7 and 8 of Tomlinson (1975). In the
United Kingdom the great majority of piles are constructed with
concrete, either cast insitu or pre-cast; permanently cased steel
piles are used much less widely and other materials, such as
timber, very rarely.
Before proceeding with the discussion on pile bearing
capacity, it is worth examining the deformation behaviour of a
concrete pile when treated as an axially and uniformly loaded
column in compression. Using ordinary Portland cement in a
nominal 1:2:4 concrete mix, the permissible direct compressive
stress is 760 Ib/in2. An elastic modulus of about 2 x 106 Ib/in2
is appropriate to such concrete. From this data, the axial
shortening that could occur in piles of varying length under a
range of compressive stresses can be calculated, and the results
are tabulated below:
Calculated Axial Shortening - inches
Pile Length 2ft Compressive Stress - tons/ft
10 15 20 30 40 50
20 0.02 0.03 0.04 0.06 0.08 0.09
30 0.03 0.04 0.06 0.08 0.11 0.14
40 0.04 0.06 0.08 0.11 0.15 0.19
50 0.05 0.07 0.09 0.14 0.19 0.23
60 0.06 0.08 0.11 0.17 0.22 0.28
70 0.07 0.10 0.13 0.20 0.26 0.33
A fuller treatment of the shaft shortening under load in
connection with shaft friction will be given later. However, it
is important to appreciate at this stage that under fairly typical
working conditions, e.g. pile lengths 40 to 60 ft and average
stresses between 25 and 50 tons/ft2, the axial shortening in the
pile itself could vary between about 0.1 and 0.3 inches. In
relation to the total settlements of spread foundations discussed
in the previous section, these are clearly quite large. Further,
mobilisation of shaft friction and end bearing is related to the
actual deformation both in absolute and relative terms and in the
final analysis, they cannot be divorced from one another.
10.2.1. Bearing Capacity - Base Resistance
The ultimate bearing capacity Qu of a single pile can be
defined as the sum of the ultimate base resistance Qb of the pile
plus the ultimate skin friction Q acting over the embedded piles
shaft:
Although it is considered to be conservative, Terzaghi's
general equation (Equation 9.1) can be used to determine bearing
capacity with the addition of a term for Q. It will be recalleds
that the expression for the net ultimate bearing capacity (qnf)
for a square or circular foundation is:
= 1.3c Nc +P'o (Nq - 1) + 0.4 ~ BNl
For the present it is sufficient to define the shaft friction
component Qs in general terms,
Q = j( .B.f . Ds s ...•.... Eqn.lO.l.
where B diameter of the deep foundation
fs skin friction between the shaft and ground
D depth of the foundation
The value of f depends upon the type and qualityof' thes
surrounding ground, the method of pile construction, pile geometry
and the composition of the pile.
In practice, the term O.4~ B N\ is very small and can be
neglected. This leaves just two terms to derive the base
resistance, relevant only to a c/0 soil. In the special case of
a saturated soil subject to undrained shear when 0 = 0, the net
ultimate end bearing capacity reduces to:
..•..•.. Eqn. 10.2.
and alternatively, when the material behaves as a purely
frictional soil and c = 0, the unit base capacity reduces to:
A P' (Nq - 1)b 0
area of the pile base.
.••••... Eqn. 10.3.
where
Considering first the case when 0 = O. The apparent
cohesions derived from the field and laboratory tests were in the
following ranges:
Undrained triaxial shear
strength tests
Plate bearing tests
20 - 75 Ib/in2
45 - 180 Ib/in2
For a deep circular foundation Nc reaches a maximum value of 9.0
and the end bearing Qb from Eqn. 10.2. for varying cohesion
values (cu) is as follows:
c - 1b/in2 Qb tons/ft
2u
20 11.6 say 12
45 26.0 26
75 43.5 44
180 104 104
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In Section 9.1.2., it was shown that based on the results
of laboratory tests the average effective stress shear strength
parameters can be grouped into three for analytical purposes:
(i) c' 4 lb/in 2 and 0' 38°·= = ,
(ii) c' 0 and 0' 38° with a lower bound value;
(iii) c' = 0 and 0' = 33°.
Calculating Qb for varying depths by substituting these
values into Equation 9.1. but neglecting the term involving
Ny • yields the following:
2. Net ultimate base bearing capacity Qb - tons/ft
Depth - feet 20 30 40 50 60
(i) c' = 4 lb/in2 100 66 140 87 180 105· 220 126 250 145
0 = 38° (30) (40) (50) (60) (70)
(ii) c' = 0 75 39 110 60 150 79 190 99 220 118
0' = 38° (20) (30) (40) (50) (60)
# (iii) c' = 0 40 20 60 30 80 40 100 50 115 60
0' = 33° (14) (20) (27) (33) (39)
For the purpose of this analysis a nominal bulk density of
124 lb/ft3 has been assumed to compute the effective vertical
pressure pt. The first value for Qb applies to a deep water table
condition and the second to a water table at the surface.
As already pOinted out, the Terzaghi approach to bearing
capacity, because of the simplifying assumptions involved, gives
a very conservative solution. Even so, the lowest effective shear
strength parameters indicate a net bearing capacity for deep
foundations of 40 tons/ft2, (20 tons/ft2 with surface water table)
which compares with the value of 44 tons/ft2 obtained in terms of
total stress from Cu = 75 lb/in2• With c' = 0 and 0 = 38°, a
minimum value for Qb of 39 tons/ft
2 is obtained which would
increase greatly with even a small c' term.
The failure mechanism of a foundation in chalk, where the
toe stress exceeds the yield stress, may be considered more
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appropriately as a plastic yielding, in which case the modified
Terzaghi bearing capacity factors (Terzaghi and Peck (1948)) would
be appropriate. The results obtained by using the modified
factors are given in brackets in the above table. In general,
although perhaps a little low, the latter do appear to be more
in keeping with anticipated bearing capacity values, a view that
is best investigated by examining field records.
The results of small diameter deep borehole plate tests have
already been described in Sections 4 and 7. At Welford and North
Orbital Road, the ultimate bearing capacity q derived from theu
25.5 inch plates ranged from 33 to over 155 tons/ft ; Fig. 7.4
shows how q varied with increase in the SPT value. Certainly foru
SPT's up to 40 blows/ft, qu is typically between 40 and 80 tons/ft2
From the broken line in Fig. 7.4, it can be inferred that the
effect of depth makes an important contribution to the value of qu
but improvement in general chalk quality is also important, as
evidenced by the modified borehole and pit test relationships.
A series of tests carried out by Soil Mechanics Limited (1955)
at Erith provided similar results. The tests were made with
nominal 6, 12 and 18 inch diameter plates taken to various
penetrations below the surface of the chalk. No SPT's were
undertaken, but there was evidence from soundings and sample
inspection of a general progressive improvement in chalk quality
with depth, except for a localised deterioration between 16 and
20 ft below the chalk surface.
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Depth Ultimate
Plate Size Below Into Bearingins Surface Chalk Pressur~
ft ft tons/ft
6 36 8 85
12 60
18 47
6 42 16 115
12 90
18 83
6 52 24 185
12 140
18 68
Taking the results from the plates which have a realistic
relationship to real pile sizes, it appears that ultimate
bearing values in the range 45 to 80 tons/ft2 are appropriate,
becoming larger with increased depth.
a
A 17.5 inch diameter plate test was carried out in~28.5 ft
deep lined borehole in chalk (SPT = 21) at Purfleet and was
reported by Palmer (ICE (1965». He recorded an ultimate bearing
pressure of 57 tons/ft2 which fits the relationship given in
Fig. 7.4.
Although other pile test data are available, all are
complicated by skin friction effects and cannot be used reliably
to support the present analysis.
The above table shows that plate size and depth are
important variables in the determination of q , but it isu
assumed that depth incorporates two main components, increasing
confining pressure and improving chalk quality. The effect of
depth and plate size can be seen in Fig. 10.la, where ultimate
bearing capacity is plotted against depth for various plate
sizes. A tentative general relationship has been drawn which
shows a rapid increase in q with increasing depth to about 30 ft,
u
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with a much reduced rate of increase thereafter, becoming
sensibly linear below 45 ft depth. This suggests that at least
below about 40 ft depth, the confining pressure is more important
than the improvement in chalk quality. Close study of the plot
indicates that it would be possible to extract a suite of curves
for various plate sizes, subparallel with the lower section of
the mean curve shown. However, as the points all fall within the
overall scatter, such precision is considered beyond the accuracy
of the data available.
Fig. IQ.lb is given to illustrate the correlation between qu
and SPT and the tentative Chalk Grade classification is also
shown; only one large diameter plate test is available where
penetration tests were made. As with Fig. lQ.la, the
relationship is a function of both overburden load and improving
chalk quality. Nevertheless, the correlation is good and
provides a satisfactory, if slightly conservative, basis for the
prediction of quo The rapid increase in chalk Grade, as deduced
from SPT's, mirrors the qu/depth relationship in Fig. IQ.la very
closely.
To facilitate comparison between the various approaches
considered above, the curves representing observed and predicted
values of q for various shear strength assumptions have beenu
plotted together on Fig. lQ.2. The peak effective shear
strength parameters appear to lead to a gross over-estimate of
bearing capacity, and it has to be remembered that the analytical
approach of Terzaghi is considered itself to be very conservative.
Undoubtedly, the best fit, although still not good, is that
obtained with the remoulded shear strength parameters c' = 0 and
0' = 330• Predictions made using Terzaghi's modified bearing
capacity factors for a yielding material, appear to be quite
inappropriate. The undrained triaxial shear strengths are very
conservative and appear to produce a figure close to an allowable
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bearing pressure, if it is assumed that a factor of safety of 3
should be applied to the estimated ultimate value.
Summarising the situation with respect to the ultimate base
bearing capacity of piles:
Plate bearing tests appear to provide the most reliable
basis for estimating q which in turn can beu
predicted with reasonable accuracy from SPT's.
Laboratory determined shear strength parameters do
not provide a realistic basis to estimate q although,
u
the lower bound effective values in conjunction with
the standard Terzaghi bearing capacity factors,
appear to provide a moderately good basis for
prediction.
Ultimate end bearing values range from 30 to 80
tons/ft2 in progressing from chalk Grade V to II and
may rise to 150 tons/ft2 in Grade I chalk. To take
account of variation in properties and behaviour, a
factor of safety of 3 should be applied to the
ultimate values to derive the safe bearing pressures.
10.2.2. Bearing Capacity - Shaft Friction
Shaft adhesion or friction is conventionally estimated from
shear strength and density considerations, in conjunction with
empirical relationships derived largely from general experience
with bored and driven piles. In relation to bored piles founded
in stiff fissured clays, Skempton (1959) attempted to quantify
adhesion systematically showing it to be a function of strength,
pile composition and most important, the method and manner of
pile construction. He also showed that there appeared to be an
upper limit to adhesion, even though the strength of the clay
continued to increase. Tomlinson (1971 and 1975) has developed
this work considerably, especially for driven piles, showing that
the nature of the strata overlying the main bearing stratum can
also have an important influence on shaft adhesion.
Chalk could be considered as a brittle cohesive material and,
therefore, in the first instance, it is proposed that an
analysis should be carried out on this basis. The shaft adhesion
Q for such material is given by the expression:s
where
A .c .oCs u .••••..• Eqn. 10.4.
total area of a straight shafted pile in
contact with the founding material.
undrained cohesion
0( = a factor depending on the nature of the
pile and method of construction.
Skempton (1959) concluded that~ = 0.45 for bored concrete
piles, valid for strengths up to 2 tons/ft2j thereafter, the
ultimate adhesion remains constant at 0.9 tons/ft2. For heavily
fissured clays liable to deterioration, due to slow or poor
construction techniques, presence of water, etc., he advised an
QC value of 0.3. Tomlinson (1971 and 1975) has shown that for
concrete piles driven in brittle soil, the adhesion factor is
extremely variable, varying between 0.25 and 0.75. Woodward et
al (1961) working in California also found ~ to be extremely
variable, even with the same pile type on the same site and for
bored piles they produced an ~ between 0.49 and 0.52. Therefore,
for the present purpose, it is proposed that it is sufficiently
accurate to takeo( = 0.5 for bored and driven concrete piles,
2possibly subject to a maximum adhesion value of 0.9 tons/ft .
The undrained cohesions measured in the laboratory ranged
from 20 to 75 Ib/in2 with values derived from plate tests between
45 and 180 Ib/in2. Adhesions predicted from these strengths are
given below:
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Undrained Shear Strength c Adhesion (c aC:)
2 tons/ft~
u
Ib/in tons/ft2
20 1.29 0.64
45 2.89 1.45
75 4.82 2.41
180 11.57 5.78
(28) (1.80) (0 90) for• r'e f ez-e nc
Alternatively, the chalk could be considered as a frictional
material and the shaft friction can be computed from the effective
shear strength parameters. There is no analytical method
available to compute the shaft adhesion for c'/0' soils and,
therefore, only two of the potentially applicable effective shear
strengths considered earlier will be used, namely:
(i) c' = 0 and 0 380
(ii) c' = 0 and 0 330
The ultimate unit shaft friction Q can be estimated froms
the express ion:
As· Ks· p'. tan cl"Qs
where As
Ks
p'
d
........ Eqn. 10.5.
area of embedded shaft
an earth pressure coefficient
average effective stress acting over the pile shaft
= angle of wall friction.
Broms (1966) found Ks to vary between 1.0 for low relative
density sOils and 2.0 for high density soils; a value of 1.5 has
been taken for chalk in the present analysis. The wall friction
valued has been assumed to be equal to 0.75 0', also after Broms.
Substituting into Equation 10.5 produces the following results,
the first figure corresponding to a deep water table and the
second for a water table at ground surface.
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Assumed Mean Unit Shaft Friction - tons/ft2Pile DepthLength ft c' = 0 c' = 0ft 0' = 380 0' = 330
20 10 0.49 0.24 0.41 0.20
30 15 0.73 0.38 0.61 0.32
40 20 0.97 0.50 0.80 0.42
50 25 1.21 0.62 1.01 0.52
60 30 1.45 0.76 1.20 0.63
70 35 1.70 0.88 1.42 0.73
100 50 2.44 1.26 2.03 1.05
140 70 3.40 1.76 2.82 1.46
The above calculations imply that in a uniform frictional
soil, the unit shaft friction increases linearly with increasing
depth. However, this may not be the case in practice, because
Vesic (1966) found that a limiting value is reached at
penetrations between 10 and 20 pile diameters. This condition
has not yet been widely researched, although Tomlinson (1975)
has suggested an upper bound value of 1.0 tons/ft2 for penetration
exceeding about 20 pile diamet~r.
It is interesting to note that for piles in chalk the shaft
adhesion/friction derived from both total and effective stress
analyses have given values of a similar order which can now be
compared with field test values.
At Erith, Soil Mechanics Limited (1955) carried out adhesion
tests with steel casings and a 4.5 ft long 1.5 ft diameter
concrete cylinder. The depth to the mid-point of the cylinder
was approximately 53 ft, which was 25 ft below the surface of the
chalk; the test was carried out 6days after placing the concrete.
Loads were applied incrementally and at two of the stages, 42 and
67 tons, the loads were maintained for 16 hour periods; two hour
periods for each increment of load was normally allowed. In all
cases, most settlement occurred immediately the load was applied
and after about 15 minutes, no further movement occurred until the
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next increment was applied. At 42 tons load (adhesion = 1.87 tons/
ft2) the total settlement was 0.5 inches and this increased to
0.9 inches at the maximum load of 72 tons, equivalent to an
adhesion of 3.2 tons/ft2. At the latter load, the rate of
settlement increased rapidly, totalling 4.5 inches and the load
could not be maintained. Recoverable strain in the system appears
to have amounted to about 0.2 inches which it may be appropriate
to subtract from the total strain mentioned above.
Adhesion tests on steel casings averaged 0.37 tons/ft2, but
little time was allowed for the ground to reconstitute after
surging the casings. Therefore, these values probably represent
a lower bound.
Palmer (ICE 1965) carried out pulling tests at Purfleet with
5 ft long 19.5 inch diameter cast in-situ concrete plugs. One
test was in 'weak chalk' (SPT 7-13) between 6 and 11 ft depth and
a second in 'medium chalk' (SPT 17-26) between 19 and 24 ft.below
surface. He calculated ultimate adhesion values of 0.33 and 1.0
tons/ft2 respectively.
The foregoing predicted and test adhesion values have been
plotted in Fig. 10.3 against depth below the surface. The lower
bound (remoulded) effective stress shear strength parameters
appear to provide the closest agreement between test and
calculated adhesion values. Further, contrary to the findings
of Tomlinson (1975) and Vesic (1966), to judge by the Erith result,
there does not appear to be a limiting value. However, this is
an interim conclusion which will be re-examined later.
Back analysis of pile loading test data provides an
alternative method of investigating shaft adhesion although,
there are many complications and a number of important assumptions
will generally have to be made. The key to such an analysis rests
with the axial strains that a pile undergoes when loaded. In
Section 10.2, a table is given showing calculated strains for
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different pile lengths under a range of stresses. Under typical
working conditions, the axial strain of the pile is very unlikely
to be less than 0.1 inches and more commonly would probably
approach 0.2 inches. However, it has been shown by Whitaker and
.
Cooke (1966), that shaft friction in stiff clay is only fully
mobilised at settlement equivalent to between 0.5 and 1.0% of the
shaft diameter; this applied to straight shafted and under-reamed
piles and was independent of shaft length. For conventional piles
sizes, 17 to 24 inch nominal diameter, this is equivalent to
0.09 to 0.24 inches strain, which neatly brackets the estimated
pile deformation under normal working loads. Strain measurements
on actual piles have shown that the greater portion of the strain
occurs in the upper half of a friction pile, migrating downwards
as the ultimate load is approached and tre base resistance is
mobilised, Tomlinson (1975) and Cooke (1974). It can be inferred
therefore, that so long as the settlement at the pile head is less
then the corresponding elastic shortening of the pile itself, then
the load must be carried by shaft adhesion. Penetrations varying
between 10 and 20% of the pile diameter are required to mobilise
the full end bearing Whitaker and Cooke (1966).
The above criteria have been employed to back analyse a
number of test piles. To ensure that end bearing is negligible,
and to facilitate comparison, loads and hence adhesion values
have been calculated at deformations of 0.05, 0.10 and 0.15 inches.
The results are summarised in Table 10.1 and typical load/
settlement curves together with all the available test data and
driving records for a selection of pile loading tests are plotted
in Figs. 10.4a, band c. This approach may not give the maximum
shaft adhesion value, although at 0.15 inches strain it should
normally be very close and, consequently, has an inbuilt factor
of safety which reduces with increased strain. Where other
materials overlie the chalk, the shaft adhesion contribution they
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provide has been estimated and subtracted from the measured load,
erring on the high rather than the low side.
To investigate the validity of the relationships shown on
Fig. 10.3, the apparent adhesion values computed at pile
settlement of 0.10 and 0.15 inches has been plotted against mean
pile length on Figs. 10.5a and 10.6a. For comparison, the
Purfleet and Erith test values have also been plotted together
owith the relationship obtained from c' = 0 and 0' = 33 .
Unfortunately the mean pile lengths cover a narrow band, 15 to
27 ft, and the apparent adhesion values vary widely, although the
effect of a thick overburden is partly responsible for the
scatter. Were it not for the specific adhesion test values, a
contra correlation might be deduced from the distribution,
adhesion apparently decreasing with increasing pile length.
However, when the apparent adhesion values are plotted against the
average SPT operative over the length of the pile, Figs. 10.5b and
10.6b, the grouping is closer and substantially in keeping with a
logical prediction. The plot for 0.15 inch settlement is the
better of the two and this shows the adhesion to increase
line~arly with SPT to a maximum N of 40 blows/ft and has the
form:
Ultimate Adhesion N
24.4
tons/ft2
Further examination of the calculated adhesion values shows
that the three pOints located far from the mean line on Fig 10.6
have one feature in common, namely, they relate to tests where a
considerable thickness of overburden was present. Most of this
material comprised sands or laminated sands and clays, the total
thickness of which varied from 14 to 23 feet. Two factors could
account for the discrepancy:
(a) inadequate allowance was made when calculating
the shaft adhesion developed by the piles in
the overburden, and
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(b) the pile driving operations carried down sandy
material along the pile perimeter which
enhanced the adhesion of the underlying chalk.
Similar conditions have been reported by Tomlinson (1971) for piles
driven through sands into stiff clays and this is thought to be
the main reason for the present discrepancy. Thus, from the data
related to pile head settlement of 0.15 inches plotted in Fig.
10.6b, it appears that the ultimate adhesion varies with chalk
Grade as follows:
Chalk Grade S~ Ultimate Adhesiontons/ft2
VI 0-5 0 -0.2
V 5-10 0.2-0.4
IV 10-15 0.4-0.6
III 15-25 0.6-1.0
II 25-40 1.0-1.6
I 40 1.6?
Another aspect that has been investigated relates to the
length of pile penetration into chalk. Naturally, the population
is weighted, because deeper penetration will only be undertaken
when the upper material is considered or shown to be inadequate,
(not necessarily the same thing). However, neglecting the pile tests
where thick overburden appears to have been particularly
influential, the plot of average apparent adhesion against depth
of penetration into chalk given on Fig. 10.7, suggests that
average adhesion decreases with increased penetration. It seems
that a limiting adhesion of between 0.6 and 0.7 tons/ft2 applies
at penetrations of about 50 ft which corresponds to about 30 pile
diameters. This is broadly in keeping with Tomlinson's (1975)
findings in other materials, but the penetration is rather greater
than that recorded by Vesic (1966). These conclusions are based
largely on the driven cast-in-situ piles constructed at Welford-
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Theale. Only one other pile test has been obtained which is not
dominated by thick overburden deposits but this too is a driven
pile of unspecified type, from Northfleet; it falls neatly into
the pattern described above. The implication of this analysis is
that maximum adhesion is achieved at penetrations into chalk up
to 10 but not exceeding about 15 pile diameters.
Finally, it is worth noting that over half the test piles
considered were constructed below the water table and that the
results, in whatever form, are equally distributed with those
above the water table.
To summarise the main points of the discussion on shaft
adhesion:
Shaft adhesion increases with Grade to a maximum
operational value of about 1.6 tons/ft2 in Grade I
chalk.
Although full scale field tests are probably the
most reliable method of determining adhesion, the
SPT can be used to establish Grade and hence
adhesion.
For driven piles at least, a maximum value of
adhesion around 0.6 to 0.7 tons/ft2 is reached
at penetrations into chalk equivalent to about
30 pile diameters.
Maximum adhesion is obtained where pile penetration
is limited to 10 (maximum 15) pile diameters into
chalk.
The nature of the overburden soils should be taken
into account when predicting shaft adhesion values
for pile design.
To allow for wide variations in adhesion due to methods
of construction and differences in chalk quality, a
~uo
factor of safety of at least 2 should be applied to
the ultimate values and design assumptions should
be checked by pile loading tests.
10.3. Pile Selection
The choice of pile for engineering projects is dictated by
two main considerations, engineering requirements and cost.
Clearly, the engineering requirements must be satisfied first
and this will include an assessment of reliability of the pile
load carrying capacity, ease and speed of construction,
settlement under working conditions, suitability in relation to
the anticipated ground conditions and external constraints, such
as the avoidance of noise, vibration, ease or difficulty of access
for plant, etc., etc. Once these requirements have been met, then
a cost comparison can, and should, be made between all piles which
meet the engineering requirements.
Piling economics do not fall within the scope of the present
work and, therefore, will not be considered. Neither will such
factors as external constraints and construction speed be
considered. Consequently, subject to the type of pile and method
of construction being appropriate, or suitably adapted to any
given site situation, the engineering criteria for pile
selection basically reduces to:
(a) The efficiency with which the structural loads
are carried, and
(b) the limitation of settlement to that required
by the structural design.
In Table 10.2. a summary is given of the available data
relating to piles in chalk. Much of the data is incomplete and
in some cases performance may be dominated by factors other than
the type of pile and quality of chalk. However, it is thought
that it is adequate as a basis for a crude comparison and that
the data is sufficient to be statistically significant. No
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attempt has been made when preparing this summary table to
compensate for the contribution to carrying capacity afforded by
the superficial soils, but the nature and thickness of these is
noted. As a basis for comparing settlement of different piles,
the settlements have been normalised to 40 tons/ft2, this being
a typical working stress level for commercially available piles.
The maximum permissible shaft stress for a standard concrete mix
is 48 tons/ft2. Where large diameter cylinder piles have been
tested, the normalised stress values have not been attained and
the average shaft stress is usually around 30 tons/ft2, although
the actual value has been given in the table.
The most striking feature of the tabulated data is the very
small settlements at normal working stress levels of all bored,
augered and driven cast-in-situ concrete piles, up to 24 inches
diameter. This is also well illustrated by Fig. 10.S. In all
cases pile head settlement is less than 0.18 inches and only in
three instances does the settlement exceed 0.10 inches. For piles
with diameters between 18 and 24 inches, the average pile head
settlement is around 0.05 inches. These movements are well within:
the elastic deformation range of the such piles and implies that
these piles are essentially friction piles.
Settlement of the large diameter cylinder piles is far more
varied and generally larger, 0.06 to 0.6 inches, but except in two
cases, the stress level is much less than the normalised 40 tons/
ft2, namely 29 to 34 tons/ft2. Presumably, such factors as
ground disturbance, stress release and concrete shrinkage reduce
the shaft adhesion and places greater load on to the base. In
this respect, these piles are possibly less efficient than the
smaller diameter equivalent.
In comparison to the above piles, the driven precast units
appear very unsuccessful. Pile head settlements for the 16 and
20 inch B.S.P. cased pile vary between 0.3 and 0.5 inches, some
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4 to 10 times greater than the corresponding bored and driven
cast-in-situ piles. It may be significant that an H pile (only
one record) also settled 0.35 inches. In this ~onnection, it will
be recalled that friction tests at Erith with steel casing
indicated an average ultimate adhesion value of only 0.37 tons/ft2,
From tests at Havant, Hodges and Pink (1971), derived even lower
adhesion values of about 0.06 tons/ft2 with 8 and 10 inch diameter
model piles in chalk.
Excessive ground disturbance, heave and disaggregation of the
chalk possibly contribute to the poor performance of the steel
piles in chalk. Further, it has been observed that a rest period
is often required to generate significant driving resistance.
From the available data, it is concluded that precast piles, and
in particular steel piles, are not the most efficient type of pile
for use in chalk.
Referring back to Table 10.2, it is also apparent by
inspection, that settlement is not significantly altered by the
total length of the pile or the length of penetration into the
chalk. This is well illustrated by the Welford, Woolwich and
Norwich test results, especially the latter where this very
aspect was the prime justification for the test programme.
Further, this is compatible with the conclusions reached in
Section 10.2.2, that increased penetration causes a reduction in
the average shaft adhesion.
It is interesting to note that in two cases where piles have
been constructed by augering the chalk, the settlements were
small and their performance was well above average. In the case
of the 41.5 inch diameter cylinder pile, this example is doubly
interesting, because it had been formed under bentonite, Sliwinski.
and Vickery (1974). Also, it is one of the only two large diamete!
piles, for which records are available, that attained the full
normalised shaft stress.
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The final sets for the driven cast-in-situ piles used at
Welford are given in Table 10.2; they varied from 8 to 74 blows/ft.
Inspection shows that with one exception, the largest settlements
were associated with the highest set values and vice versa,
implying that the driving records are not a good guide to
performance. This is a view with which Tomlinson (ICE (1965» and
Cornfield (1970) concur. Both recount experiences where they were
unable to achieve the specification set, despite considerable
penetration into chalk, but found greatly increased resistance on
re-driving after an interval of an hour or so. Williams (1970)
reports driven piles at Ipswich penetrating 150 ft into chalk and
goes on to confirm similar experiences to both Tomlinson and
Cornfield. In all cases, subsequent test loading indicated
satisfactory performance, despite the poor driving resistance,
from which it is concluded that dynamic pile driving formulae are
not applicable to piles in chalk.
All the foregoing discussion has related to conventional
straight shafted piles; the Franki piles at Norwich are included in
this category, because there is no certainty as to the manner in
which the 'bulb' actually forms. In most situations it would be
equally effective as a simple elongation of the pile. However,
during the 1960's, increasing development and use of the under-
reamed pile took place in the United Kingdom, a synthesis of which
is to be found in the proceedings of a symposium on Large Bored
Piles, ICE (1966). The use of these piles extended to chalk and
three case records have been found, Wakeling (1965) and Palmer
and Holland both ICE (1965).
Wakeling's (1965) Newbury pile had a 4.5 ft diameter shaft
belled out to 8.5 ft diameter and terminated at 50 ft below the
surface. About 6 ft of fill and 17 ft of gravel overlay the chalk,
which occurred at a depth of about 23 ft below the surface.
Groundwater was present at 6 ft depth. The test pile was taken tc
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a maximum load of 330 tons, which is equivalent to a base load of
25.S tons/ft. It has been calculated that the length of shaft
below the fill and extending to the top of the under ream had a
surface area of 563 sq ft. Even if the total load were carried
in shaft adhesion this would be equivalent to an average adhesion
2value of only 0.58 tons/ft, somewhat less than the minimum value
predicted for chalk from Fig. 10.7b. At the maximum load, pile
head settlement was only 0.21 inches and an elastic pile shaft
shortening of about 0.1 inches would be predicted. Therefore, it
is possible that 30me load was transferred to the pile base
although this would be very small. Certainly, Wakeling's
assumption that all the load was carried by the base is totally
unrealistic.
The second case record des .cribed by Palmer, ICE (1965),
related to piles for the Brighton Technical College, Sussex.
Again, the shaft diameter was 4.5 ft and the under-reamS.5 ft
diameter but the pile was only 40 ft long. Palmer did not state
the design assumptions, he only indicated that the piles were
designed to carry a 530 ton working load and that allowing for sha~
adhesion the base pressures were at least 7 tons/ft2. Settlement
figures are not quoted. A direct comparison with the Wakeling
Newbury pile, suggest that shaft adhesion would well account for
at least 330 tons of the total load so that end bearing accounted
for only the balance, namely 200 tons. If this were so, then the
2base pressure would have been only 3.5 tons/ft.
At Watford 40 ft long 2.5 ft diameter piles under-reamed to
7.5 ft were used to support 17 storey blocks of flats. Some 20 ft
of clayey sand and gravel overlay the chalk and groundwater
occurred at 42 ft below the surface. Holland, ICE (1965) reported
that loading tests were carried out at the same site on 53 ft
long straight shafted piles and on 40 ft long under-reamed piles,
both of which were designed to carry a working load of 150 tons.
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The result from both tests were reported to be similar, pile head
settlement at 300 tons load being 0.05 inches. The piles were
construct ed by augering the chalk. Elastic shortening of the
40 ft long pile at 300 tons load would have been about 0.25 inches ,
and with a total settlement of 0.05 inches, it is inferred that the
end bearing was never developed. The implied average shaft
adhesion is then about I ton/ft2. If this same value applied to
the Brighton Technical College piles, then the total design load
for these piles could also have been carried by shaft adhesion
alone.
On the basis of just three incompletely documented case
records, unequivocal judgements would not be justified. It does
appear, however, that (a) there is reason to believe that
significant base loading was not generated, (b) as a consequence
of (a) that the provision of under-reams was probably
unnecessary because the loads could be adequately carried by shaft
adhesion, and (c) that there was no advantage to be gained with
respect to settlement, which was of the same order with or without
under-reams.
Summarising this discussion on the selection of piles to be
founded in chalk;' the available data shows that the settlement of
all properly constructed piles is small, but that of bored and
driven cast-in-situ concrete piles is smallest and pre-cast
driven piles greatest. There is evidence which suggests that
constructing bored piles by augering the chalk produces the best
piles of all, permitting the development of maximum shaft
adhesion and causing the minimum settlement. There is reason
to doubt that there is any significant advantage to be gained by
constructing under-reamed piles in chalk. Driven steel piles
appear to be the least efficient form of piling in chalk.
10.4. Settlement of Piled Foundations
Only two case records have been located which deal with the
settlement of structures carried on piled foundations in chalk.
306
In both cases the data is incomplete.
The first case relates to a 12 storey building at Rochester
founded on driven cast-in-situ piles (Wests shell piles) at an
average depth of 17.5 ft; Gray and Rawcliffe, ICE (1965). Standard
penetration values ranged from 20 to 40 blows/ft. The plan
dimensions of the building was reported to be approximately 70 ft
square and the net increase in load over the whole plan area,
1.25 tons/ft2. Settlement was measured at 20 points and the
average settlement over the main structure was reported to be
0.25 inches.
The second case also relates to a 12 storey building, but
this was located at Basingstoke and 33 to 50 ft long (average 38 ft
driven cast-in-situ piles (Franki) were used to support the
building. Standard penetration values taken in boreholes close by
showed an increase with depth from about 10 to 40 blows/ft, and
were around 20 to 30 blows/ft at founding level. Groundwater
stood at 15 ft below the surface. The observations were reported
by Kee et al (1974). Plan dimensions for the main tower block
appear to be about 165 by 50 ft and from the pile group loadings,
the net plan loading is assessed to be about 2 tons/ft2.
Settlement observations on a number of pile groups taken two
months after construction was completed, varied between 0.14 inches
(3.5 mm) and 0.17 inches (4.2 mm). Extrapolating the settlement
curves suggests that the total final settlement could increase to
about 0.2 inches (5 mm).
Subject to the limitations imposed by the accuracy and quality
of the published data, it is proposed to analyse these records in
the same way that the settlement of spread foundations were
analysed and processed.
At Rochester, SPT values of 20 to 40 blows/ft were recorded,
not too dissimilar to the values obtained by the writer at
Basingstoke, where plate tests were carried out. As a first
JLJI
approximation therefore, it would seem appropriate to utilise
the relationship (Equation 7.3):
using the 2 ft test plate as datum.
In order to equate the foundation shape, depth and the
resultant settlement, with that measured with a loaded circular
plate test at the surface, the values have been corrected using
the curves of Janbu et al (1956). Further, the dimensions of the
foundation has been assumed to be equivalent to the overall plan
dimensions of the structure, located at a depth corresponding to
pile toe level:
Bfound 70 0.52x~ = 32
B2ft plate 2
2and at a pressure of 1.25 tons/ft, with D/B
)V. = 0.93 then:-
0.24 and
0.25 x 0.93 39
S2ft plate 0.006
The Basingstoke observations can be considered in a
similar way, because once again, the SPT values at founding
level are similar to those obtained by the writer at Basingstoke,
where plate loading tests were carried out. There is additional
support in this instance from the deformation moduli derived by
2Kee et aI, 1000 to 1600 tons/ft approximately, which are
similar to those values obtained by the writer from the plate
tests and also those derived from settlement observations on
the 6.5 and 11 ft square foundations at the same site.
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Calculating the settlement ratio as before a
foundation LIB 165/50 3.3
Bfound 50 0.52= x 0.75 = 17.4
B2ft plate 2
and at a pressure of 2 tons/ft2 with D/B 0.8 and ;;. 0.87
0.2 x 0.87 = 17.4
82ft plate 0.01
Plotting the settlement ratios derived from both the
foregoing field records on Fig. 7.9, shows that the piled found-
ation observations when suitably modified, also conform to the
~ 1.0 curve and extend the application to foundations up
to 70 ft wide. The remarkable result for Basingstoke, with
and 82/8
1
= 17.4 is clearly quite fortuitous and should
not be taken too literally. However, it is now considered that
there is considerable justification for concluding that this
approach provides a reliable basis for predicting the settlement
of both piled and spread foundations in chalk.
Once again, field observations from single pile tests, for
piles of all types and sizes, and also from full scale structures,
show that settlement occurs very rapidly. For practical purposes,
it appears that it can generally be assumed that settlement will
take place essentially as construction proceeds, with very little
post construction movement. Predicting the amount of settlement
is far from exact and it is considered prudent to assume an
accuracy no better than ± 25% to take account of variations in
ground conditions, foundation construction differences, and such
factors as non uniform load distribution as well as inaccuracies
in prediction of the structural loads.
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10.5 Conclusions
Ultimate end bearing for piles in chalk varies from
30 tons/ft2 (3200 kN/m2) in Grade V to 80 tons/ft2 (8600 kN/m2)
in Grade II chalk, and may rise to 150 tons/ft2 (1600 kN/m2) in
Grade I chalk. A factor of safety of 3 should be applied to the
ultimate end bearing value to derive a safe working pressure.
Ultimate shaft adhesion increases with chalk grade from
around 0.3 tons/ft2 (30 kN/m2) in Grade IV material to
1.6 tons/ft2 (170 kN/m2) in Grade I chalk. The average operative
value, however, reaches a maximum at penetrations of 10 to 15 pile
diameters. At greater penetrations, adhesion decreases, reaching
2 2constant value of about 0.6 to 0.7 tons/ft (65 to 75 kN/m ) at
penetrations of about 30 pile diameters. The nature of the
overburden soils can have a significant effect upon the shaft
adhesion, sandy materials tending to increase the average value.
A factor of safety of at least 2 should be applied to the
estimated ultimate adhesion value, to derive a safe working load.
Standard penetration tests can be used to provide guidance
on end bearing and adhesion values, but design assumptions should
be verified with pile loading tests.
Straight shafted bored or driven cast-in-situ concrete piles
are the most suitable in chalk, whether above or below the water
table. Those piles constructed by augering are probably the
most efficient of all, producing maximum shaft adhesion and
minimum settlement. The use of bentonite for construction does
not appear to have.any deleterious effect upon performance.
Precast driven piles, and especially steel piles, are the
least satisfactory as they develop minimum shaft friction and
maximum settlements; neither driving records nor dynamic pile
driving formulae provide a good guide to performance.
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There appears to be little or no advantage in using large
diameter under-reamed piles in chalk, because the end bearing
potential is not developed at conventional working loads and most
piles are essentially friction piles.
The settlement of piled foundations is normally small and
roes not appear to be greatly influenced by total pile length or
depth of penetration into chalk. The limited available data
indicates that settlement can be predicted with reasonable accuracy
from plate bearing tests using the expression:
where ~ = 1.0.
For design purposes, the predicted settlement should be
assumed to have an accuracy not better than ~ 25%.
Settlement takes place very rapidly and there appears to be
very little post construction settlement.
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In the foregoing sections, a good deal of new data have
been presented and reviewed and, wherever possible, combined and
compared with existing data. However, the occasions on which it
has been possible to draw conclusions which might be claimed to
be definitive are few; clearly much work remains to be done. In
the writer's view, the principal areas for future research can
be considered under three main headings (i) laboratory studies,
(ii) field investigations and (iii) investigation of the per-
formance of real structures. In practice, most research will
incorporate something from all three of these categories, but
there can be little doubt that currently the most pressing need
is for the work on the latter. At the 1974 Cambridge conference
on Settlement of Structures, it was reported that since 1948 some
140 papers had been published in the leading geotechnical journals
on rock mechanics subjects related with foundations. Of these,
only three were case histories and all three were related to dams.
The Cambridge conference did something to redress the balance,
but from the foregoing discussion on spread and piled foundations
in Section 9 and 10, it will be appreciated that there is still
an absolute dearth of even very elementary observational data.
Specific avenues for research under the main headings listed
above include:-
(i) Laboratory Studies
(a) The structural fabric of chalk and especially the
nature of the particle contacts and cementation.
The variations within the stratigraphical sequence
and in different geographical and geomophological
situations could also be studied in the context.
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:b) The time dependant deformation 'creep' properties under
various stress regimes, but especially under conditions
of triaxial loadings.
(c) The effect of discontinuities on the engineering
properties of chalk by means of model studies.
(ii) Field Investigations
(a) Studies related to improving or developing new methods
of sampling, in-situ testing and indexing chalk,
especially at depth and particularly below the water
table.
(b) Long term loading tests on full scale spread and piled
foundations, especially at high stress levels. This
should include instrumentation of the ground and the
structures to monitor performance.
(iii)Investigations of real structures
(a) Carry out long and short term observations on a
variety of structures with spread and piled foundations.
Ground and structure instrumentation should be used to
check ground loading, determine stress distribution and
measure ground deformation at varying depths below and
outside the loaded areas.
(b) A study of piled foundations with special reference to
the effects of construction method, geometry and chalk/
pile interaction.
From this short list of possible research topics, it will be
apparent that great emphasis is laid upon practical and applied
engineering matters. This is deliberate because theoretical soil/
rock mechanics is already far ahead of practice, and without
answers to some of the above topics the theories cannot be tested.
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Undoubtedly, work described in this thesis tends to be broadly
and practically based and clearly has many imperfections and
limitations. Hopefully, however, future researchers in the field
will find it a useful foundation upon which to build.
12. GENERAL CONCLUSIONS
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12. GENERAL CONCLUSIONS
In this final section it is proposed to bring together
the principal findings of the present study and to attempt to
put them into a realistic perspective. In this connection, it
should not be overlooked that the bulk of this thesis has been
based upon data derived from routine commercial activities;
specific selective research work has been carried out, but was
somewhat limited. In attempting to make the best of the available
data, use has been made of extremely variable and often only
partly complete information. Consequently, a good deal of the
writer's personal experience is inherent in the processing,
treatment and interpretation of the data. This is not generally
a quantifiable component.
Consequent upon the nature of the data, although the
treatment has been always careful and considered, it has often
been necessarily simplified and therefore indicative rather than
precise. In particular, many of the derived relationships should
be regarded more properly as trends rather than correlations.
Therefore, before applying any particular relationship or
proposal, it is important that the basis upon which it was
derived is carefully reviewed and considered. Perhaps one of
the most important pOints to emphasise is that no single test,
observation or relationship should be relied upon; cross-checking
with as many factors as possible is essential.
12.1. Site Investigation and Field Testing
Wherever and whenever possible, chalk ground should be
examined in-situ by means of pits, trenches and/or shafts. There
is no substitute for inspection of the ground in the natural
state, where the mass nature and properties can be sensibly
assessed or when justifiable, determined by testing.
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Where conditions pre~lude direct means of investigation,
borings can be used. In this case, undisturbed sampling with
a Pitcher (or Mazier) type core barrel followed immediately by
a simple sounding (SPT) is considered preferable. The standard
open drive sampling tube is second choice and use of a serated
type cutting shoe is advised with this equipment.
Permeability testing is best effected by self-cleansing
rising head or pumping out tests.
The use of Dutch Sounding and Pressuremeter testing in
chalk is not advocated. Plate bearing tests in boreholes, shafts
or pits are best used to determine the mass load/settlement
characteristics of chalk but the dimensions must relate to the
in-situ rock structure. In practice, this is likely to require
a plate of at least 2 ft and possibly 3 ft diameter •
. 12.2. Laboratory Testing
To determine the nature of the chalk, careful examination
of all undisturbed core samples is far more important than an
extensive programme of laboratory testing. In the writer's view,
testing of virgin chalk materials should be minimal, the most
useful test index being the simple water content determination
which enables the relative hardness of the chalk to be assessed
and potential engineering difficulties to be anticipated.
Undrained shear strength (total stress) testing is of little
value. Even effective stress testing has a restricted role
in view of the relatively narrow variation in the effective
angle of shearing resistance and the extreme difficulty in
obtaining an apparently realistic value for the cohesion inter-
cept. The use of the 'drainable' triaxial test is condemned.
Naturally or artificially disaggregated chalks are a
possible exception in that water content, density and con-
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solidation testing may be appropriate. It is important,
however, that the test conditions truly reflect the field
situation, for example, the degree of compaction, stress levels
etc.
12.3. Foundation Design
For disaggregated derived, residual or recompacted chalks,
the bearing pressures that can be applied by spread foundation
and the resultant settlements, will be greatly dependent upon
,
the state of compaction of the material. However, settlement is
likely to be time dependent, possibly requiring periods of about
two years for sensible completion. standard oedometer tests
appear to provide a reasonable basis for predicting the amount of
settlement.
For virgin jointed chalks, the available evidence points
consistently towards the bearing pressure currently in general
use for spread foundations being conservative. The writer has
already used design pressures exceeding the yield stress,
(including a raft foundation for a twenty storey building) with
satisfactory results. However, it would clearly not be sound
engineering practice to increase the applied pressures
significantly on Grades III to II chalk, say to 8 tons/ft2 or
more, based solely on theoretical considerations and without
the benefit of substantive field data.
Settlement of spread foundations in virgin chalk appears to
be generally small and to take place more or less as construction
proceeds. It is best predicted from plate bearing tests;
indirect methods using modulus v SPT or strength relationships may
be employed, but such application must be very discerning. The
sUbstantial contribution to total settlement which general
oversite excavation and construction activities may make, should
not be overlooked.
The available evidence indicates that at working load the
carrying capacity of piles constructed into chalk is derived
largely, if not entirely, from shaft friction. Augered piles
appear to be the most efficient followed by conventional bored
and cast in-situ driven piles, but it is doubtful if under-
reaming is generally beneficial. Precast driven piles,
particularly steel cased piles, appear to be the least efficient
type. The precise method of pile construction, nature of the
overlying materials and the depth of penetration into the chalk
influence the magnitude of the shaft friction that is generated.
For chalk Grade IV and better, the foregoing factors appear to be
more important in pile performance than the quality of the chalk.
Where possible, augered or bored cast in-situ concrete piles
should be the first choice but where conditions restrict their
.use, for example, a high water table, cast in-situ driven piles
appear preferable. However, careful construction control is
essential, as in any other similar ground situation. Pile
performance should be verified by test and proof loading.
8ettlement data for structures founded on piles in chalk are very
limited, but it does seem that settlement takes place quickly and
that reasonable predictions can be made using the same method as
for spread foundations, modified for depth and geometry. In this
connection, it is important that any modulus/depth/8PT relation-
ships etc. are used with the utmost discretion, taking all
available factors into account.
Whilst a number of useful foundation design aids have
emerged, an important conclusion from this study is that there
is still a need for considerable experience in their application;
there is no simple "design curve technique" which can take
account of all the relevant factors.
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Finally, in this section it is proposed to make a few
observations on the question of creep. The data presented on
this subject are contradictory. However, the writer's present
view is that in practice, creep is only significant in relation
to the poorer chalk grades, namely VI and V and possibly IV,
where the applied stress increase is small. The following
hypothesis is tentatively offered as explanation.
All chalks have a skeletal structure in whicp the particle
bonds are of variable strength. In virgin chalks the bonding is
derived partly from interlock but mainly from cementation and
welding; collectively they impart considerable stiffness to the
chalk and deformation is essentially an elastic response. In
poor grade chalks the bonding may have been largely or completely
destroyed, in some cases resulting in a metastable structure.
Large loads applied to such chalks causes virtually instantaneous
collapse and a largely immediate but with a small time dependent
deformation response. Small loads, on the other hand, set up
high particle contact stresses which yield progressively thus
leading to an essentially time dependent creep type response.
Nevertheless, the evidence available suggests that such
deformations are unlikely to continue for much more than about
two years.
12.4. Future Research
Of the many possible avenues for further research, the
most pressing are (i) for sustained high stress loading tests to
study long term effects and (ii) observations on the performance
of real structures.
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APPENDIX
A BRIEF DESCRIPTION OF THE MAIN SITES FROM WHICH TEST DATA
HAS BEEN OBTAINED
Welford to Theale and Theale to Winnersh - M4 Motorway
The above were two contract sections of the M4 Motorway
project which extended from the west of Reading in Berkshire to
the north west of Newbury. The writer was in charge of the site
investigations for both sections, which included major earthworks
and foundations studies. A limited amount of work was also
carried out in the succeeding section - Welford to Liddington,
from which some additional plate bearing test data was obtained;
these later were carried out by another contracting company.
The terrain was largely rolling downland formed in the Upper
Chalk.
Marlow - Bisham By-pass
Several possible routes were investigated for the Marlow-
Bisham by-pass, located to the south of High Wycombe and the west
of Maidenhead, Berkshire. Studies for major earthworks and a new
bridge over the river Thames were included.
The terrain in Middle and lower Upper Chalk rose sharply from
the valley of the river Thames, the Melbourne Rock band occurring
just above the flood plain level. Redeposited chalks were en-
countered below the river gravel deposits.
Hemel Hempstead By-pass
An investigation was carried out in Middle and lower Upper
Chalk to the south and west of Hemel Hempstead in Hertfordshire,
between Kings Langley and Berkhamstead. Deep deposits of highly
weathered frost shattered chalk were a feature of the area.
North Orbital Road
Forming the north west quadrant of a proposed outer ring
road to London, the section investigated extended from the west of
Rickmansworth through Chorley Wood to the north west of Watford.
Mostly in Upper Chalk but sometimes into Middle Chalk, the area
included very deeply weathered residual chalk deposits, redeposited
materials in the river valleys and numerous swallow hole features.
Plate bearing tests were carried out in connection with the
design of a high level viaduct near Chorley Wood.
Hoddesdon - Ware By-pass
Located to the east of the county town of Hertford, this
investigation was for a new by-pass, forming part of the AlO road
improvement in the Lea river valley. In Upper Chalk, thick deeply
weathered chalk deposits were widespread, especially in the lower
ground adjacent to the river valley.
A study for a major earth embankment or structural viaduct
over the Ware valley was a major part of the investigation.
Blackwall Tunnel Approach Road
Only the southernmost section of the approach road to the
tunnel was located in chalk, namely on Shooters Hill east of
Greenwich Common. The Upper Chalk in this area gives rise to a
pronounced hill which was capped by Woolwich and Reading Beds and
therefore, tended to be relatively unweathered.
Tilbury - Gravesend
This investigation was carriedout for two proposed 900 ft
high towers which were to be used to enable electricity cables to
cross the river Thames, a distance of about one mile. The Upper
Chalk was found below thick alluvial and river gravel deposits.
The proposal was eventually abandoned in favour of a cable tunnel
closer to Dartford.
Basingstoke Business Area
The Business Area is located to the north east of the town.
Following an initial general investigation for the service
and access roads, a specific investigation was carried out by
means of trial pits for a four storey office and laboratory
building located on the highest part of the site. Settlement
observations were made on this building by the writer. Later
still, a conventional investigation with borings was carried out
for a proposed twenty storey office building (AA Development).
This was subsequently supplemented by deep trial pits and then by
a programme of plate bearing tests. As a result of this work a
spread foundation design was formulated using pressures up to
6.25 tons/ft2 for the main tower building.
The sloping site is formed in Upper Chalk which, on the
higher ground, has only a very thin cover of weathered material.
On the lower (southern) side of the Business Area, the thickness
of very weathered chalk increases to 12 ft or more.
